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ABSTRACT 


The  work  presented  in  this  report  represents  an  eighteen 
month  program  In  which  experimental  and  theoretical  investigations 
were  made  on  several  aspects  of  the  cesium  plasma  thermionic  con-  . 
verter.  Data  were  taken  on  the  electron  emission  properties  of 
tungsten,  tantalum,  molybdenum,  niobium,  rhenium,  iridium  and 
tantalum  carbide.  Two  methods  were  used  in  this  study;  one  was  the 
measurement  of  the  I-V  characteristics  of  diodes  using  emitters  of 
these  materials  and  the  other  was  the  direct  measurement  of  the 
saturation  emission  current  density  by  the  plasma -anode  technique. 

It  is  possible  to  make  some  separation  between  emission  effects  and 
transport  effects  by  combining  results  of  those  two  measurements. 
Studies  were  made  on  several  important  loss  mechanisms  in  the 
thermionic  converter.  Among  these  were  the  thermal  conduction  loss 
in  the  cesium  vapor,  losses  assocated  with  electron  scattering  in 
the  plasma,  and  losses  due  to  reflection  of  electrons  by  the  collector. 
A  study  was  also  made  of  the  evaporative  loss  of  the  emitter  in  the 
presence  of  cesium.  The  experimental  data  collected  has  been  used  for 
an  extensive  theoretical  analysis  of  the  efficiency  and  llfetisie  of 
a  thermionic  converter.  Theoretical  treatments  are  also  given  for 
energy  and  mass  transfer  in  the  cesium  plasma  and  of  electron  emission 
in  the  presence  of  a  plasma. 


ASD-TDR-62-1082 


ill 


PUBLICATION  REVIEW 


o 

o 


This  report  presents  the  scientific  findings  of  an  Air  Force 
sponsored  program.  It  does  not  direct  any  specific  application 
thereof.  The  report  is  approved  for  publication  to  achieve  a- 
exchange  and  stimulation  of  ideas. 


nnrsTn  r.  Ttircnirca: 

CHIEF,  Lov  Fever  Tube  Section 
Electronic  Tec'  -olopy  Laboratory 


ASD-TDR-62-10R2 


iT 


TABLE  CP  CONTENTS 


Page 

! 

Chap.  1  Current-Voltage  Characteristics  of  Variable 

Spacing  Diode  with  Refractory  Material  Emitters  1.1 

Chap.  2  Saturation  Emission  Current  Measurements  on 

Refractory  Materials  Using  "Plasm-Anode" 

Technique  2.1 

References  2.1$ 

Chap.  3  Evaporation  of  Molybdenum  in  the  Presence  of 

Cesium  Vapor  3*1 

References  3>U 

Chap.  4  Reflection  of  Electrons  from  Cesium  Coated  « 

Surfaces  4.1 

References  4.19 

Chap.  $  Thermionic  Diode  Currents  in  Transverse 

Magnetic  Fields  and  Scattering  of  Electrons 

by  Cesium  Atoms  $.1 

References  5.8 

Chap.  6  Thermal  Conductivity  of  Cesium  and  Rubidium 

Vapor  6.1 

References  6.12 

Chap.  7  Theoretical  Efficiency  of  Thermionic 

Energy  Converter  7-1 

References  7-22 

Chap.  8  Lifetime  of  Thermionic  Energy  Converter  8.1 

References  8.l4 

Chap.  9  Anomalous  Richardson  Emission  Constants  9.1 

References  9.6 

Chap.  10  Electron  and  Ion  Emission  from  Cesium  Coated 

Refractory  Meters  in  Electric  Fields  10.1 

References  10.5 

Chap.  11  Potential  Distributions  in  High  Pressure 

Cesium  Thermionic  Diodes  11.1 

Chap.  12  Space  Charge  Limited  Currents  in  High 

Pressure  Cesium  Thermionic  Diodes  12.1 

Distribution  List  13.1 


ASD-TDR-62-1082 


▼ 


List  of  Illustrations 


1-1 

Variable  Spacing  Cell 

1.8 

1-2 

Telescopic  View  of  Emitter-Collector 

Assembly 

1.9 

1-3 

Test  Circuit 

1.10 

1-b  to  1-9 

Current-Voltage  Characteristics  with 
Tantalum  Emitter 

l.ll  to  l.l6 

1-10  to  1-21 

Current-Voltage  Characteristics  with 
Molybdenum  Emitter 

1.17  to  1.28 

1-22  to  1-29 

Current-Voltage  Characteristics  with 
Bioblum  Emitter 

1.29  to  1.36 

1-30  to  1-J7 

Current- Voltage  Characteristics  with 
Rhenium  Emitter 

1.37  to  1.4b 

1-36  to  l-b5 

Current-Voltage  Characteristics  with 
Tantalum  Carbide  Emitter 

l.b5  to  1.52 

1-46  to  1-55 

Current-Voltage  Characteristics  with 
Iridium  Emitter 

1.53  to  1.62 

2-1 

2-2 

2-3 

2-b 


2-5 

2-6 


2-7 


2-8 


2-9 

2-10 


Plum-Anode  Discharge  Tube  2.16 

Measuring  Circuit  2.17 

Mounting  Detail  of  Test  Emitter  2.18 

8-Curre  Characterlatlcs  of  Tungsten  and 

Tantalua  for  Tc.  -  373°K  (Pc_  -  5*  10‘4 

torr)  CS  2.19 

8-Curve  Characterletlca  of  Rhenium  far 

Tfc,  -  390*K  (Pc,  -  2.3  x  10-3  torr).  2.20 

ttiermlonlc  KmlSBlon  Switched  from  Low 

Current  to  High  Current  Mode  with  Rhenium 

at  1750*K  and  Tc,  -  462*K  (PCs  -  5  x  10~2 

torr)  2.21 

Extrapolation  of  Double-Mode  Behavior  to 

Zero  Bet  Positive  Ion  Current  Arrival  at 

Test  Emitter  for  Rhenlua  at  2l60*K  and 

TCb  "  398*K  (PCb  -  2.3  x  10-3  torr)  2.22 

8- Curve  Characteristics  for  TCg  -  573°  K 

(Pqb  -  5  x  10"4  torr)  2.23 

S-Curve  Characteristics  for  Tc«  ■  398' K 

(Pq.  -  2.3  x  10-3  torr)  2.2b 

8-Curve  Characteristics  for  TCg  «  b23°K 

(Pc#  -  9  x  10"3  torr)  2.25 


ASD-TDR-62-1082 


vi 


List  of  Illustration*  (Coat'd) 


page 


3-1 

3-2 

3-3 


Evaporation  of  Molybdenum  aa  a  Function 

of  Temperature  3.12 

Diagram  of  Experimental  Cell  3.13 

Tranaport  Ratio  aa  a  Function  of 

Pressure  x  Spacing  3.14 


4-1  Tube  and  Circuit  for  Electron  Reflection 

Measurements 

4-2  Photograph  of  Electron  Reflection  Tube 

4-3  Relative  Currents  to  the  Target  and  the 

Two  Collector  Electrodes  vs.  Deflecting 
Grid  Voltage 

4-4  Measured  Reflection  Coefficient  and 

Target  Current  vs.  Primary  Electron 
Energy  and  Potential  for  Advance-Cesium 
0  -  3.14  eV 

4-3  Semilog  Plot  of  Target  Current  vs. 

Potential  Used  to  Obtain  Zero  of  Primary 
Electron  Energy  and  Estimate  the  Target 
Work  Function  for  Advance-Cesium 

4-6  to  4-10  Reflection  Coefficient  for  Advance-Cesium 
Target 

4-11  to  4-16  Reflection  Coefficient  far  Molybdenum- 
Cesium  Target 

4-17  to  4-20  Reflection  Coefficient  for  Tungsten-Cesium 
Target 

4-21  to  4-22  Reflection  Coefficient  far  Tantalum-Cesium 
Target 

4-23  to  4-26  Reflection  Coefficient  far  Copper-Cesium 
Target 

4-27  to  4-28  Reflection  Coefficient  for  Platinum-Cesium 
Target 

4-29  to  4 ->2  Reflection  Coefficient  far  Silver-Cesium 

Target 

4-33  to  4-34  Reflection  Coefficient  for  301  Stainless 
Steel-Cesium  Target 

4-33  to  4-36  Reflection  Coefficient  for  Monel-Cesium 
Target 

4-37  to  4-38  Reflection  Coefficient  for  Inconel-Cesium 
Urgit 

4-39  to  4-40  Reflection  Coefficient  for  Platinum  Black- 
Cesium  Target 

4-4l  to  4-46  Retarding  Potential  Plots  with  Copper- 
Cesium  Target 


4.20 

4.21 

4.22 

4.23 

4.24 

4.25  to  4.29 
4.30  to  4.35 
4.36  to  4.39 
4.40  to  4.4l 
4.42  to  4.45 
4.46  to  4.47 
4.48  to  4.51 
4.52  to  4.53 
4.54  to  4.55 
4.56  to  4.57 
4.58  to  4.59 
4.60  to  4.65 


ASD-TDR-62-1082 


vii 


Ll»t  of  Illustrations  (Coat'd) 


4 


5-1 

5-2 

5-3 

5-4 

5-5 

5-6 


• 

Photograph  of  Oalla  Uaad  for  Measurements  5-9 

Measuring  Circuit  5*10 

Tjl  vc.  (lhgnetic  Plaid)2  for  0.225" 

Spacing  5*11 

Xo/X  vt.  (Magnetic  Plaid)2  for  0.020" 

Spacing  5>12 

Dependence  of  Currant  Ratio  on  Call 
Potential  5.15 

Available  Data  on  Electron  Scattering  5>l4 


6-1  Thermal  Conductivity  Measurenent  Cell  6.15 

6-2  Maaaurlng  Circuit  6.l4  a 

6-5  Filament  Power  vs.  Temperature  _  6.15 

6-4  Thermal  Conductance  vs.  Preeeure  for 

Cesium  6.16 

6-5  vs.  Temperature  from  lheary  6.17 

6-6  ®  Experimental  and  Theoretical  Thermal 

Conductivity  vs.  Temperature  6.18 

6-7  vapor  Pressure  of  Cesium  and  Rubidium  6.19 

6-8  Filament  Power  vs.  Temperature  for  Long 

Filament  6.20 

6-9  Filament  Power  vs.  Temperature  for  Short 

Filament  6.21 

6-10  Thermal  Conductance  vs.  Pressure  for 

Rubidium  6.22 

6- 11  Thermal  Conductivity  vs.  Temperature®  6.25 

7- 1  Basic  Thermionic  Diode  7.25 

7-2  Modes  of  Operation  7.25 

7-3  6  as  a  Function  of  y  and  the  Ideal 

Efficiency,  n©  _  7 *24 

7-4  Optimum  Values  of  ?j,  y  and  0  as  Functions 

of  the  Ideal  Efficiency,  n  7.25 

7-5  Work  Function  of  Tungsten  as  a  Function 

of  Fractional  Coverage  by  Cesium  7.26 

7-6  Fractional  Coverage  as  a  Function  of 

Cesium  Temperature  and  Surface  Temperature  7.27 

7-7  9  Work  Function  as  a  Function  of  Cesium 

Bath  Temperature  and  Surface  Temperature  7.28 

7-8  Thermal  Conductivity  of  Cesium  Plasma  as 

a  Function  of  Spacing  and  Pressure  7.29 


ASD-TDR-62-1082 


viii 


List  of  Illustrations  ( Coat'd) 


page 


7-9  ‘ 

-  Efficiency'  as  a  Function  of  Cathode  and 
•  Anode  Temperatures  • 

7.30 

7-10 

Efficiency. as  a -Function  of  Cathode  and 
•  Anode  Temperatures 

7.31 

•  7-11  . 

Efficiency  as  a  Function  of  Spacing  and 
-  Cathode  Temperature 

7.32 

'  7-12 

7-15  •  . 

Efficiency  as'  a  Function  of  Spacing  and 
.  Anode',  Cathode  and  Cesium  Temperatures 
Optimum  'Anode  and  Cesium  Te^eratures  as 

7-33'  . 

7-34  •. 

a  Function  of  Cathode  Temperature 

7-14  • 

Optimum  Anode  and  Cesium  Temperatures  as 

•  **  •*  .* 

.  '  . 

a  Function  of  Cathode  Temperature 

7.35 

.  ■  *  *  . 

8-1- 

Time  to  Lose  2.5  Microns  by  Evaporation 

■  . .  •  ■  ’  ypf 

-  from  Molybdenum,  Columblum,  Tantalum 

'  ;•  ••••  •.  *•  ■  , 

and  Tungsten  as-  a  Function  of  Temperature  ' 

.  8.15. 

V/_.  •'.'•'.v  :  • 

8-2 

Relative  Lifetime  of  a  Cathode  as  a 

•.•.***  •; 

v  ■  ■  ■  ...  .  ’  7 

Function  of  Cesium  Bath  Te^erature  and  ;  . 

;  :ty  . 

”  •  •  “  .  •  * 

■Spacing  y?.  ...  .' 

8.16  ;.  .  ';C  ' 

i,.1" *  ... 

8-3  ■ 

.  The  Relationship  between  Evaporative 

jt  '  y 1 

;;; 

•-7  s’*  * 

Lifetime  and  Efficiency  for  Tungsten  •• 
and  Molybdenum^; •' 

:.  •  -  8.17 

:  8-4,  . .  • 

Power- to-WeightRatio,.Optia™Anode'( 

r«.  4  * 

.  :  Temperature  and  Efficiency  at  Minimum 

.■  ■  •  •  !!•  :.  -2  *%•.•  - 

•s  '  -  '  • 

Weight  as'  a  Function  of  Cathode  temperature  ■ 

■ .  H.IH; -  :i/- , ..  >• 

■  ’ 

9-1 

!  Basic.  Thermionic  Diode 

*  V  '■•v.v ., 

.9:7. e. 

■*  ’  • 

9-2  . 

*•  :  Modes  of  Operation.  ; 

•  #  *?  *  •  . 

.  ;  9.7  '.:  V, 

lo-r  • 

■  Atom  and  Ion  Evaporation  Rates  vs.  / 

.  ..S’  :  tv.  -  •  •?.  *•;  * 

Fractional.  Monolayer  Coverage  of  Cesium  '  ■ 
on  Tungsten, 'after  Taylor  and  Langmuir  .  . 

10.6 

11-1 

Current-Voltage  Characteristics  at  TVo 
Spacing! 

11.12 

11-2 

Electron  Temperature  Plot 

u.13 

11-3 

Sheath  Voltages  vs.  Current 

11.14 

11-4 

Potential  Distributions  st  Four  Different 

Cell  Currents 

11.15 

12-1 

Graphical  Solution  for  Electron  Density 

12.7 

ASD-TDR-62-1082 


lx 


1.1 


CHAPTER  ONE 


CURRENT  VOLTAGE  CHARACTERISTICS  OP  VARIABLE  SPACING  DIOtE 
WITH  REFRACTORY  MATERIAL  EMITTERS 


A  program  was  carried  out  to  stud/  the  current -voltage 
characteristics  of  cesium  plasma  thermionic  diodes  with  a  variety 
of  refractory  material  emitters.  These  emitters  have  included 
tantalum,  molybdenum,  niobium,  rhenium,  iridium  and  tantalum  carbide. 
Measurements  were  made  over  vide  ranges  of  emitter  temperature,  cesium 
pressure  and  electrode  spacing.  The  purpose  of  this  program  was  to 
find  materials  best  suited  for  thermionic  conversion,  and  to  provide 
design  information  for  thermionic  conversion  hardware. 

A  universal  cell  was  constructed  for  these  studies,  in  which 
the’  emitters  are  easily  interchangeable  and  In  which  the  interelectrode 

"■}'  »  'r  *.«' « . £  spacing  can  be  varied  continuously.  A  photograph  of  this  cell  is  shown 

4  ,  y-ti » 

f  ..S  •*  ?.  ~  •  • 
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&-V'7*  ••  *V  -* 

^  % 

o  *.  «u  W  :•***¥  9  * 

O  *  %  *  $*  • 

$  e  ■ 

ft.0  ^  1  • 

*6  » 


'  -  ■  * 


-•  T"vs»  .  • 


in  Figure  1-1.  The  two  flanges  are  sealed  with  a  bakeable ,  copper 
U 

.shear  gasket.  The  emitters  are  in  the  form  of  ribbons,  0.010  in. 
thick,  0.080  in.  or  0.160  in.  vide  and  about  2  cm.  long.  They  are 
fastened  to  the  binding  posts  in  the  lower  flange.  The  collector  plate 
is  fastened  at  each  end  to  a  micrometer  drive  on  the  upper  flange,  so 
that  the  electrode  surfaces  can  be  kept  accurately  parallel  even  at  very 
close  spacing.  The  cell  has  an  optical  port  which  views  the  emitter- 
collector  assembly,  and  the  emitter  temperature  is  measured  with  an 
optical  pyrometer.  The  window  material  is  sapphire,  which  is  resistant 
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to  darkening  by  cesium  even  at  high  temperatures.  The  interelectrode 
spacing  is  also  measured  through  this  port  by  means  of  a  cathetometer. 

The  spacing  may  be  adjusted  down  to  0.001  in.,  and  a  photograph  taken 
through  the  port  with  the  gap  set  at  0.0013  In*  la  shown  in  Figure  1-2. 

The  emitter  is  directly  heated  with  half-wave  rectified  a-c  power,  and 
the  measurements  are  made  during  the  off  part  of  the  cycle,  so  that  there 
is  no  voltage  drop  along  the  emitter  associated  with  input  power.  The 
voltage  across  a  variable  load  resistor  is  measured  with  an  oscilloscope. 
A  mercury  wetted  switch,  which  is  in  phase  with  the  heating  power,  opens 
the  cell  output  circuit  during  the  heating  part  of  the  cycle  so  that  there 
is  no  voltage  across  the  load  resistor.  The  switch  1b  closed  with  a 
very  low  value  of  resistance  (0.01  ohm)  during  the  measuring  part  of  the 
cycle.  Correction  is  made  for  voltage  drops  in  the  leads,  filaments  and 
switch.  A  diagram  of  the  measuring  circuit  is  shown  in  Figure  1-3. 

A  set  of  emission  data  for  tantalum  is  shown  in  Figures  1-b  to 
1-9-  At  a  cesium  reservoir  temperature  of  202°C,  0.0lk8  in.  spacing,  the 
emission  current  is  bistable  at  cathode  temperatures  of  15^9°C  and 
l66l°C.  When  the  spacing  is  reduced  to  0.075  in.,  an  interesting  feature 
occurs  in  the  emission,  as  shown  in  Figure  1-5*  At  cathode  temperatures 
of  177^°C  and  l66l°C,  the  cell  current  is  tristable  with  voltage.  A 
"heel"  forms  in  the  current  curve  at  these  temperatures  which  is  more 
prominent  at  the  lower  temperature.  This  phenomenon  is  not  understood 
at  the  present  time,  and  must  be  further  studied.  At  a  cesium  reservoir 
temperature  of  2U6°C,  the  current  is  no  longer  bistable  over  the  range 


J 


of  cathode  temperatures  measured,  as  shown  in  Figures  1-6  and -1-7 .-."''At 

'‘W:  v  . 

0.075  in-  spacing,  it  appears  that  a  low  voltage  arc  is  struck  at  ,  .  . 

negative  cell  voltages  for  the  two  highest  emitter  temperatures.  Figures  ,  :>'  :  v 

1-8  and  1-9  show  the  behavior  at  a  cesium  reservoir  temperature  of2930C. 

.  ...  .  •  .-i  ’•  ;-V-  .  •;  • 

A  set  of  emission  data  was  taken  for  a  2  mmY  vide' molybdenum'  •*’  v  \.‘‘- 

emitter,  the  results  of  which  appear  ir  Wi^re8°l_-10’;.to>i-i8.''  ;Data  was  ’ 

taken  of  spaclngs  of  0.004  in.  and.. 0.015  in.  ...for 'ceVium' reseWoir.V’}',.' 

o  -o  ...  »’ V-.*. *.»*•:£  7:  VjjfV !  { 

temperatures  between  202  C  and'  325  C.  Bi  stable  ^behavior  occurs' only  at 

the  202  C  reservoir  temperature.  .  ...  '  '  ".'O-Vril-*"  -V.*  -'fl?:. 

...  ;£  :  v 

The  low  voltage  arcing  phenomenon  which”,  occurs*  at' ’the''higher.\*' -v  ;  • ■*'  ' 
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voltages,  the  effect  of  geometry  on  the  current -voltage  characteristics  '•  •  ■ 

,  -wi --V. •*•••;■  .?>•  . 
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was  studied  by  repeating  these  measurements  UBing  an- emitteriwhicht'vas,.  *  t<-'  '  -  » 
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The  emitter  temperature  range  was’- from  1^79  C  to  l840 C/*The  curves  -  for’^.V  :>** 1.*.? 

■. :  •  •.  "  .  ■ 

this  data  are  shown  in  Figures  1-19  to  . 1-21.  It  was  found,  that ; for »  •  i*?’**--’-  * 

.V-"k'«s,  ,v  /-■'  ■+ 

•  -  0  '  '  .  .•-If.-y 

lower  cesium  pressures  the  change  in  geometry  had  no  effect  on  the  ■  -v^ 

characteristic,  while  at  these  higher  pressures  there  was  a  great  effect;.,-..  ,  ■ 

For  the  wider  emitter,  the  curves  are  shifted  by  about  .'one.  volt;  to  more . 

negative  voltages,  so  that  well  defined  arcing  occurs  .for  voltages -less-  .. 
than  zero.  Current  densities  up  to  10  amps/cra  were  measured,  but  these 
points  do  not  appear  to  fit  well  on  the  curves . 
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A  peculiarity  observed  in. the  characteristics  is  that  the'  • 
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currents  corresponding  to  the  lowest  emitter  temperature  are  not  always 
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that  corresponding  to  higher  emitter  temperatures.?^  The- ^  *  ■  . 

.  ■  O  .-■»  v';*  ‘ 

5/1479  C  emitter  temperature  are  lowest' up  to>; a  cell /«’1' 


V  for  higher,  emitter  temperature .  The  characteristics  at  the,  32 5  C  cesium^ 
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;  //reservoir  temperature  “appear  to  be  shifted  by  about  one  half  a  volt v. 
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taken  for  a  4  mm  wide 
reservoir  temperatures  of 
;r  temperatures  from  l479°C  * 
•collector  spacings  of  0.005  in.  and 
shown  on  the  curves  of  Figures  1-2?  to  1-29. 
may.',  bo^.drawn  immediately  that  niobium  is  an  inferior 

emitter  material  as  con.  pa  red  to  trngsten,  tantalum  .. 


At. the  250  C  cesium  bath 


• '•  'k .V  m 5y«.ll 'ilnto. the '  region  of.  .positive  cell  voltage s . 

■  ‘  *f  •****.'.  ^1.*  ri.  * 

j  ." 'J ■;•  “*  t •Jf'f .■- "  '  ■■  ■  . 

1  -temperature  arcing  occurs  at  negative  cell  voltages. for  the  two  highest 

emitter,' temperatures.'  An  Interesting  feature  here,  however,  is  that  the 

‘  l  _  •  •  !■'  .  ...  : f  1  ’ 

?*-aV . •*;  >; 

v currents  are  greater  f 

*•**■'  -  '  •  •  ’'  .ft;'.-  ■■■ 


for  .the  0.015  in.  spacing  than,  for  the  0.005  in.,  so 


,4  V.;  that  apparently  the  optimum  spacing  lies  between  0.00$  in.  and  0.015  in. 

for  these  conditions .  At  a  cesium  reservoir  temperature  of  500°C  there 


is  only  a  small  change  in  current  with  spacing,  hut  the  same  low  emitter 
temperature  phenomenon  which  was  observed  for  molybdenum  also  occurs  here 
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That  Is  that  the  I-V  characteristic  for  the  lowest  emitter  temperature 
Is  lowest:  for  negative  cell  voltages,  hut  crosses  the  higher  temperature 
characteristic" at  about  +0.25  volts.  This  phenomenon  is  clearly  shown 
in  the  two  sets'  of  curves  for  the  525°C  bath  temperature;  for  cell 
voltages  more  negative  than  about  0  at  0.015  in .  or  -0.2  at  0.005  in. 

the  "currents  are  higher  for  higher  emitter  temperatures  and  at  v  .ages 

■'.Ns, 

more ^positive 'than  these,  the  currents  are  higher  for  lower  emitter 
temperatures.  A  complete  cross-over  of  the  I-V  curves  occurs  at  0  volts 

•  "vy. Al¬ 

and  -0.'2Jvolts .  An  understanding  of  this  data  will  require  further 

analysis^'-. 

•'  ;V:  A  set  of  current -voltage  characteristics  was  measured  in  the 

variable  spacing  cell  for  a  4  mm  wide  rhenium  emitter.  Measurements 
were  done  for-. cesium  reservoir  temperatures  from  200°C  to  325°C,  emitter 
temperature s. 'from  l479°C  -  l840°C,  and  emitter-collector  spacings  of 

0.005  in.. ’and  0.015  in.  The  data  is  shown  on  the  curves  in  Figure  1-30 

V.  “v  •  • 

to  Figure -1-37.  The  results  indicate  that  rhenium  is  a  favorable 
thermionic  converter  emitter  material.  Short  circuit  cell  currents  of 

2  p 

approximately  30  amps/cm  are  indicated,  and  currents  around  l6  amps/cm 
at  an  output  voltage  of  0.5  volts.  Nowhere  within  the  range  of  measure¬ 
ment  was  there  observed  a  decrease  of  current  with  decreasing  spacing, 
as  was  the  case  with  molybdenum  and  niobium. 

At  the  lowest  cesium  reservoir  temperature,  200°C,  the 
characteristics  exhibit  the  triple  mode  behavior  which  has  also  been 
observed  at  low  cesium  pressures  with  other  refractory  metals  as  emitters. 
This  is  shown  on  Figures  1-30  and  1-31. 
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The  crossover  of  current  for  the  low  temperature  characteristics 
are  illustrated  well  for  rhenium  on  Figures  1-34  and  1-35.  It  appears 
that  the  crossover  would  also  have  occured  for  the  characteristics  on 
Figures  1-36  and  1-37,  IF  the  measurements  had  gone  to  higher  currents. 

A  tantalum  carbide  emitter  was  fabricated  for  the  variable 
spacing  cell  by  firing  a  tantalum  ribbon  at  1200°C  in  an  ethylene 
atmosphere,  and  monitoring  the  change  in  its  resistance  sb  an  Indicator 
of  its  carburisation.  After  this  treatment,  an  x-ray  reflection  picture 
was  taken,  which  showed  that  the  carbide  formation  was  complete  to  the 
penetration  depth  of  the  x-ray  beam.  A  set  of  current  voltage  charac¬ 
teristics  were  measured  over  the  usual  range  of  cesium  pressures,  but 
only  emitter  temperatures  of  1**79°C  and  1596°C  were  tested.  The  result¬ 
ing  curves  are  shown  in  Figures  I-38  to  Figures  1-1*5.  The  emitter  was 
again  subjected  to  x-ray  examination  after  the  data  had  been  taken.  This 
examination  indicated  that  while  TaC  was  the  predominant  component  before 
the  measurements ,  Ta^C  was  predominant  after  the  measurements.  Because 
of  this  uncertainty  in  the  composition,  the  data  cannot  be  accepted  with 
a  high  degree  of  reliability.  There  is  no  indication  that  this  material 
would  be  desirable  for  thermionic  conversion. 

An  iridium  emitter  was  tested  in  the  cell,  although  the 
evaporation  rate  of  iridium  is  excessively  high  and  the  characteristics 
for  the  higher  temperatures  could  not  he  measured.  Measurements  were 
done  for  emitter  temperatures  of  l497°C  and  1596°C  at  cesium  reservoir 
temperatures  of  150°C  to  275°C.  These  measurements  are  shown  in 
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Figures  1-46  to  1-55.  High  values  of  current  are  obtainable  for 
relatively  low  emitter  temperatures  and  cesium  pressure,  so  that 
Iridium  might  be  favorable  where  lover  temperature  emitter  operation 


Is  desired. 
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Fig.  1-2  -  Telescopic  View  at  Keitter -Collector  Aaeeably 


X.10 


10  Amp  2  Silicon  Red 
Variac  50  V,  35  A 


Va-c 


Mercury  Wetted 
Contact  Relay 


n*.  1.3.  Circuit 


I  I  I  I  I  I 


it  Voltae*  Characteristic*  with  bitter 


Ta  Filament 
7.6MII  Spacl 
248°C  Cs.  T( 
Moly  Anode 


Cell  Voltage 

Fig.  1-7.  Current  Voltage  Characteristics  with  Tentalua  Salt ter 


1.15 


1-6.  Current  Voltage  Character latica  vlth  Tantalv  Knitter 
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Fig.  1.10.  Current  Voltage  Characteristics  vith  Molybdenum  Emitter 
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1-11.  Current  Voltage  Characteristic*  with  Molybdemm  bitter 
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1-13.  Currant  Yalta#*  Cbaractnriatic*  with  MolyMam  Mttar 


1.21 


.IU3/SU**  *JW*OJ 
c 


Tig.  l-lk.  Current  VoltM*  Ctameterlstle*  with  Nolybdwmai  Better 


UI3/SWBM  ‘JftMOd 

c 


1-05  •  Current  Voltage  Characteristics  with  HslyManum  bitter 
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Tig.  1-16.  Currant  Volta«t  Chnrnetariitica  with  MolyManun  bitter 
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1-20.  Current  Voltage  Characteristics  with  Nolybdeoua  Eaitter 
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Current  Voltaf*  Chnrnctariatlca  with  Molybdanuai  Enlttnr 
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1-22.  Currant  Voltaga  Ctarmctarlatlet  with  liobiua  ttdttcr 
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1-23.  Currant  Voltn#e  Character  is  tics  with  lfloblun  Knitter 
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1_2U.  Current  Voltage  Characteristics  with  lioblua  Knitter 
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Fig.  1-2$.  Current  Voltage  Characteristics  with  Rloblua  Knitter 
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1-26.  Current  Voltage  Characteristics  with  Hloblua  bitter 
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Tig.  1-27.  Curxvat  Voltae*  Characteristic*  with  Mloblua  Salttwr 
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1-50.  Current  Voltage  Characteristic*  with  Rhenlua  Knitter 


1.38 


a  a  a  a  s  «  «  ■*  ~ 

(jtw  /tte»))iMjjno  ||*o 


1-91.  Carrot  Voltaja  Characteristic*  with  Bhenixa  Xadttcr 
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1-52.  Carrot'  Yaltefli  Characteristics  vlth  Bhsalto  bitter 


1 .1*0 


(gUi3  /sduit)  lusjjno  ||#3 


Tig.  1  -33.  Current  Voltage  Clmrectcrlstlcs  vltta  Rhenl.ua  Blitter 
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1-3^.  Current  Voltes*  Chereeterlaties  eith  Rbanlue  bitter 


1-95.  Current  Volts#*  Ctausoterlstle*  vlth  Hhinlia  Kadtter 


1-36.  Currant  Volta**  Cbaractarlatlc*  with  Rhanlua  Bulttar 
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1-37.  Current  Volta#*  Characteristic*  with  Hbenlua  taltttr 
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1-38.  Current  Voltage  Characterlatlce  with  lantaluarCartoide  laltter 
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Current  Voltage  Characteristics  with  Tantalum  Carbide  Emitter 


Current  Voltnft  Characterletice  with  Saatalun  Carbide  bitter 
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1-1*5  •  Current  Mttfi  Characteristics  with  lkitdia  Oubllt  bitter 
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Current  Voltage  Characteristics  with  Zrldiua  Balttar 
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Fig.  1-^9.  Current  Voltage  Characteristics  with  Iridium  Emitter 
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Fig  152  Current  Voltage  Characteristics  with  Irldlua  bitter 


Fig.  1-53-  Current  Voltage  Characteristic*  with  Iridi.ua  Emitter 
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1-51*-  Current  Voltage  Characteristics  with  Irldlua  fitter 


Fig.  1-55-  Current  Voltage  Characteristics  with  Iridlua  Knitter. 
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CHAPTER  WO 

SATURATION  EMISSION  CURRENT  MEASIBBCNTS  ON  REFRACTOR!  MATERIALS 
IB  DC  "PLASMA  ANODff  TECHNIQUE 

Measurements  of  saturated  thermionic  emission  from  refractory 
metals  In  cesium  vapor  have  been  made  using  the  plasms  anode  technique 
originated  by  Marchuk^  and  used  by  Houston. ^  The  method  uses  the  test 
material  in  the  form  of  a  small  wire  loop  emitter,  typically  5  mil 
diameter,  passing  through  insulating  ceramic  sleeves  which  expose  a 
short  length  of  the  loop  to  a  cesium  vapor  plasma.  The  emitter  Is 
held  slightly  negative  with  respect  to  the  plasma  and  the  resulting 
positive  ion  current  from  the  plasma  to  the  test  surface  neutralises 
the  emission-retarding  effects  of  the  electron  space  charge  at  the 
emitter.  The  technique  has  a  principal  advantage  over  the  diode  device, 
in  which  an  electric  field  Is  maintained  between  the  emitter  and  collec¬ 
tor  surfaces  In  order  to  draw  saturation  currents.  In  the  presence  of 
Cs  vapor  there  is  a  strong  tendency  for  a  discharge  to  set  In  under 
these  conditions  and  distort  the  measurements . 

A  typical  experimental  cell  Is  shown  In  Figure  2-1.  The  side  arm 
contained  an  ampoule  of  liquid  Cs,  vhich  was  broken  open  by  a  magnetic 
hammer  after  the  tube  had  been  processed  and  sealed  off.  During  a  test 
run,  the  whole  cell  was  placed  In  an  air  oven,  thermostatically  controlled 
to  within  +1°C .  The  Cs  vapor  pressure  In  the  cell  was  then  a  variable 
dependent  on  the  temperature  of  the  liquid  reservoir.  A  discharge, 
created  In  the  vapor  between  a  tungsten  helix  cathode  and  a  disc  anode, was 
maintained  with  the  anode  40  V  to  50  V  above  the  grounded  cathode. 
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Up  to  six  test  emitters  projected  Into  the  resulting  plasma,  at  positions 
along  the  tube  axis.  Preparation  of  the  tube  Involved  evacuation  and 
low  teaperature  bake-out  at  525 °C  for  2k  hours.  All  emitting  surfaces 
vere  outgassed  at  tempera  turea  in  excess  of  those  reached  in  the 

ha 

experiments.  Dlls  was  followed  by  baking  at  k25 C  for  1  hour  before 

sealing  off.  The  pressure  of  residual  gases  at  room  teaperature  was 
-8 

less  than  2  x  10  tarr  before  the  Cs  ampoule  was  broken. 

Figure  2-2  shows  the  configuration  of  the  neasuring  circuit. 
Emission  currents  from  the  test  surface  were  observed  with  an  oscillo¬ 
scope  connected  across  a  standard  resistor  in  the  emitter  circuit.  Tbe 
test  filament  was  heated  with  half-wave  rectified  alternating  current 
and  a  mercury  switch  was  used  to  short-circuit  tbe  input  synchronously 
with  the  power  half -cycle.  In  this  way,  emission  currents  were  Observed 
only  on  the  "off"  half -cycle,  without  the  superlapositlon  of  tbe  voltage 
generated  across  the  filament  by  tbe  beating  current  wave.  The  potentio¬ 
meter  provided  a  means  of  adjusting  the  potential  of  the  test  emitter  with 
respect  to  the  plasma  and  a  variable  resistor  in  the  anode  circuit  was 
found  sometimes  useful  to  stabilise  plasma  conditions  when  emission  from 
a  test  filament  became  an  appreciable  fraction  of  the  discharge  current. 

The  temperature  of  each  test  emitter  was  Inferred  from  the 
beating  current  at  all  times,  which  necessitated  an  initial  calibration. 
Filament  teagmratures  were  observed  with  an  optical  micropyroswter  above 
lOOO^K.  A  curve  was  constructed  giving  the  corrected  observed  teaperature 
as  tbe  ordinate  against  heating  current  as  the  abscissa.  The  curve  was 
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extrapolated  to  lower  temperatures  using  resistance  measurements.  Ibis 

calibration  was  carried  out  with  the  tube  at  room  temperature  when  the 

Cs  vapor  pressure  is  of  the  order  10 torr,  to  eliminate  possible 

inaccuracies  in  temperature  measurement  due  to  adsorption  of  radiation 

by  Cs  vapor  at  higher  pressures  or  the  loss  of  transmittance  through  the 

glass  envelope  due  to  Cs  attack.  Each  filament  was  aged  before  temperature 

measurements  were  made,  the  aging  process  being  monitored  by  heating 

current/voltage  readings  at  a  suitable  temperature.  Resistance/heating 

current  calibrations  were  made  at  room  temperature  and  at  each  subsequent 

oven  temperature  and  were  correlated  with  the  micropyrometer  readings  to 

yield  the  emitter  temperature  under  all  experimental  conditions.  The 

method  proved  satisfactory  in  circumstances  when  no  electron  cooling 

occurred  locally  in  the  exposed  loop.  Bnisslon  densities  generally 
*■1  2 

greater  than  10  A/cm  produced  this  effect  to  a  degree  which  destroyed 
the  normal  temperature  distribution  in  the  filament  and  therefore  rendered 
the  temperature  calibration  unreliable. 

Some  detail  variations  in  the  system  were  used  during  the  course 
of  the  experimental  program.  The  foregoing  descriptions  refer  to  more 
recent  modifications  which  were  suggested  by  experience  with  the  first 

cells  during  the  development  stage  of  the  technique. 

* 

Five  discharge  tubes  have  been  used  in  an  experimental  period 
of  12  months.  Approximately  half  this  time  was  employed  in  development 
of  the  system  to  a  level  at  which  meaningful  emission  data  could  be 
measured.  The  first  cell  yielded  data  which  deviated  markedly  from 
S -curves  for  a  W  specimen  extrapolated  from  the  work  of  Taylor  and 

* 

References  to  tubes  numbered  1  through  5  apply  to  the  experimental 
cells  in  the  order  of  building. 
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Langmuln^  The  chief  cause  of  the  distortion  was  found  In  the  design 
of  the  test  emitter  mounting.  The  test  filament  was  spot  welded  to 
heavier  kovar  leads  only  a  short  distance  (about  1  ram  to  2  ran)  from 
the  end  of  the  ceramic  sleeve,  where  the  filament  was  exposed  to  the 
plasma.  This  arrangement  satisfactorily  prevented  sagging  of  the 
fllasient  Inside  the  sleeve,  a  desirable  feature  to  inhibit  contamination 
of  the  filament  by  materials  in  the  ceramic.  It  had  been  found  previously. 
In  addition,  that  if  contact  with  the  ceramic  was  allowed  a  cold  spot 
would  develop  inside  the  sleeve  which  would  seriously  affect  the 
temperature  distribution  over  the  whole  exposed  area  of  the  loop.  On 
close  inspection  with  a  micropyrcmeter  the  kovar  leads  were  observed  to 
cool  the  ends  of  the  loop  and  establish  an  appreciable  temperature 
gradient  (5°C/mn  to  6°C/smi)  from  the  midpoint  to  the  exposed  ends  of 
the  loop.  A  new  test  emitter  vas  designed  as  a  compromise  between  the 
need  for  support  as  high  in  the  sleeve  as  possible  and  the  requirement 
of  no  temperature  variation  across  the  exposed  portion  of  the  fllasient. 

The  resulting  arrangement  vas  as  shown  In  Figure  2-3  with  the  supporting 
lead  protruding  about  7  mm  into  the  ceramic.  The  temperature 
difference  between  the  ends  and  midpoint  of  the  loop  were  then  vithin 
4°C  to  5°C,  the  limits  of  resolution  of  the  micropyrometer. 

The  very  desirable  feature  of  providing  guard  rings  at  each 
test  emitter  position  was  not  available  until  the  third  tube  was  built. 

In  both  the  preceding  cells  failures  In  the  metal-to-glass  seals,  before 
emission  data  could  be  collected,  was  In  excess  of  half  the  total  number 
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produced.  As  the  probability  of  failure  would  increase  with  each 
additional  seal,  the  number  of  leads  In  each  tube  was  kept  to  a  minimum. 
The  cause  of  failure  proved  to  be  mainly  temperature  cycling  fatigue 
In  the  rigid  kovar -to -glass  seals.  The  leads  were  chromium  plated  to 
prevent  attack  by  Ce,  but  the  seal  was  also  susceptible  to  mechanical 
damage  when  leads  to  the  measuring  circuit  were  being  damped  on.  The 
third  and  fourth  tube  were  fitted  with  kovar  leads,  to  which  flexible 
stranded  copper  tails  were  brazed  and  this  arrangement  greatly  reduced 
the  amount  of  mechanical  strain  Imported  to  the  seal.  The  reliability 
of  chromium  plated  tungsten  leads  was  Investigated  and  found  to  be  very 
good.  These  leads  braced  to  flexible  tails,  similarly  as  with  the 
kovar,  were  used  to  replace  some  kovar  presses  in  tube  Ho.  3  which  failed 
and  were  Incorporated  exclusively  In  the  fifth  and  later  in  the  fourth 
tube.  In  Its  final  condition  tube  No.  3  was  in  service  for  more  than 
600  hours  at  elevated  temperatures  without  a  single  failure.  As 
was  mentioned  before,  in  order  to  maintain  the  uniformity  of 
temperature  over  the  exposed  portion  of  the  test  emitter  the  filament 
was  required  to  protrude  Into  the  Insulators  for  the  greater  pert  of 
their  length.  The  bore  of  the  insulator  was  reduced  in  the  second  and 
subsequent  tubes  to  minimise  the  magnitude  of  error  introduced  In  the 
regions  where  the  filament  entered  the  sleeves.  This  combination, 
unfortunately,  caused  the  temperature  of  the  unexposed  filament  to 
exceed  the  temperature  of  the  exposed  surface,  at  the  upper  end  of  the 
temperature  range.  Consequently,  a  number  of  specimens  failed  during 
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outgassing  at  tasperaturea  which,  when  observed  at  the  exposed  surface, 
were  considered  safe.  This  problem  was  solved  by  testing  two  or  three 
duplicate  presses  with  specimens  mounted  In  a  fashion  Identical  to  that 
In  the  discharge  tube.  The  first  specimen  was  raised  In  temperature  until 
It  failed  and  the  second  filament  was  then  life-tested  at  some  lower 
temperature.  Should  this  temperature  still  have  provided  too  short  a 
life  a  third  specimen  was  on  hand  to  allow  repetition  of  the  process. 
Usually  Just  two  specimens  were  sufficient  for  the  determination  of  a 
suitable  high  temperature  limit. 

Thermionic  Emission  Data  Yielded  by  the  Investigation 

The  first  tube  produced  no  meaningful  emission  data  but  was, 
however,  useful  in  providing  a  source  of  experience  in  cell  design 
and  familiarity  with  the  technique.  Cell  No.  2  although  plagued  by 
press  failures  yielded  an  S- curve  for  V  and  part  of  the  curve  for 
Ta  at  T_  -  37 5" K  (rig.  2-4).  The  V  data  deviated  considerably  from 

Cf 

the  curve  extrapolated  from  the  work  of  Taylor  and  Iangmuir.^ 

This  may  be  explained  by  a  combination  of  emission -enhancing  field 
effects  and  spurious  emission  currents,  which  are  discussed  below 
with  respect  to  experiments  with  rhenium  In  cell  No.  3.  The  high 
temperature  portion  of  the  Th  curve  also  appeared  displaced  to  the 
right  of  the  accepted  bare  work  function  line.  The  maxima  of  the 
curve  is  probably  significant  In  connection  with  the  emission  proper¬ 
ties  of  adsorbed  oxygen  films  on  refractory  metal  surfaces  (dealt 
with  In  the  next  section  of  this  chapter). 
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Ealaaion  characteristics  of  Ra  vara  Investigated  with 
particular  attention  being  paid  to  the  behavior  in  the  region  of 
3- curve  emission,  where  the  cealua  coverage  la  bomb  aaall  fraction 
of  a  mono-layer.  Data  for  the  Re  fllaaent  are  preaentad  In  fig.  2-5 
for  TC|  ■  598*K.  In  regiona  of  high  Ca  coverage  (value a  of  p  3-2 
eV)  the  3- curve  la  of  the  expected  ahape.  An  attempt  vaa  aade  to 
extrapolate  to  the  true  field-free  altuatlon  by  plotting  aeveral 
valuee  of  ealaaion  current  for  each  emitter  temperature  agalnet  the 
net  poaltlve  ion  current  arriving  at  the  teat  aurface.  The  reaulting 
curvea  were  extrapolated  to  valuea  correepondlng  to  aero  net  ion 
current.  The  S- curve  of  Fig.  2-5  la  plotted  with  point!  arrived  at 
In  thla  way,  in  the  region  free  from  the  anoaaloua  behavior  dlacuaaed 
below.  Thla  procedure  ahowed  that  the  eeaaured  ealaaion  current!  were 
slightly  sensitive  to  varlatlona  In  emitter  potential  and  hence  change  a 
In  Ion  current  from  the  plaaaa  to  the  teat  aurface. 

In  the  domain  of  low  coverage  (P  5.2  eV)  anomalously  high 
emission  was  observed  which  Indicated  a  p  of  4.5  eV  far  bare  Re 
Instead  of  the  accepted  A. 8  eV  value.  Thla  apparent  depression  of 
the  bare  work  function  was  recorded  for  both  W  and  Th  specimens  used 
In  tube  Ho.  2  (Fig.  2-4).  Thla  region  of  the  characteristics  was 

Investigated  In  more  detail  and  the  Irregularity  was  found.  In  the 

* 

main,  caused  by  field  enhanced  emission  In  which  the  teat  material 

*  Some  distortion  of  the  8- curve  was  traced  to  spurious  ealaaion  from 
an  uninsulated  tantalum  clamp  which  was  heated  by  conduction  through 
tbs  ceramic  sleeves.  Points  on  the  curve  between  the  lines  P  -  4.2  eV 
and  P  m  5.8  eV  probably  Include  this  error  and  are  therefore  less 
reliable  than  points  to  the  left  of  the  line  p  «  4.2  eV.  This 
Influence  was  probably  also  responsible  for  distortion  of  the  W 
curve  In  Fig.  2-4  In  the  region  of  the  minimum. 
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wi  capable  of  emitting  In  two  principal  nodes.  A  discontinuity 
between  the  nodes  wee  recorded  as  a  sequence  of  oscilloscope  traces 
shown  in  Fig.  2-6,  when  the  potential  of  the  ealtter  was  nade 
Increasing  negative  with  respect  to  the  plasna  In  order  to  draw  an 
increasing  positive  Ion  current  to  the  test  surface.  Hie  potential 
setting  corresponding  to  the  second  wave  trace  allowed  a  simultaneous 
view  of  both  nodes,  possibly  because  of  a  periodic  snail  order  fluctua¬ 
tion  In  ta^ereture  or  plasna  conditions.  Ihe  node  of  higher  current 
density  was  found  to  be  the  sore  stable  of  the  two.  Fig.  2-6  Is 
unique  becsuise  the  lower  node  of  emission  could  be  achieved  In  a 
repeatable  fashion.  Generally  the  double  node  behavior  was  seen 
on  the  oscilloscope  as  a  series  of  randan  high  frequency  "flips" 
between  the  two  nodes  with  enission  finally  remaining  in  the 

e 

higher  node  after  about  5  seconds.  The  magnitude  of  the  lower  node 
m  nsasureable  fron  the  persistent  laage,  during  the  "flip-flow" 
behavior,  the  dependence  of  enission  current  In  both  nodes  Is 
plotted  for  one  emitter  condition  In  Fig.  2-7  spinet  net  positive 
Ion  current  arriving  at  the  test  surface,  extrapolations  of  the 
curves  become  coincident  In  a  single  node  value  which  would  fit  an 
8-curve  convergent  on  the  0  «  if. 8  eV  line. 

Coexists  characteristics*  plotted  fron  the  extrapolated 
values  could  not  be  nade  with  this  tube  because  the  spurious  emission 

1 - 

Plotted  points  of  Fig.  2-5  In  the  donain  of  low  coverage,  correspond 
to  date  taken  with  Ion  currents  of  the  sane  order  as  those  necessary 
for  saturation  emission  currents  to  be  neasured  at  higher  coverages. 
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currents  observed  Masked  the  response  of  the  speclaen  In  scae  regions 

of  the  8-curve  minimum.  However,  there  was  strong  evidence  to  support 

(10 

qualitatively  the  suggestions  of  Zollweg'  '  for  an  explanation  of  the 

e 

anomalous  behavior.  Hie  double-node  effect  was  found  to  diminish 
with  Cs  pressure.  Part  of  the  Re  characteristic  at  Tc>  ■  295 *K 
corresponding  to  a  vapor  pressure  of  10*^  torr  was  measured  where  the 
double  node  effect  appeared  negligibly  snail.  These  data  when  plotted 
showed  a  curve  properly  located  at  the  expected  -  4.8  eV  line, 
which  suggested  that  surface  contamination  could  not  be  responsible 
for  the  behavior  at  higher  pressures.  This  conclusion  was  supported 
by  a  spark  source  mass  spectrographlc  analysis  of  a  similar  specimen. 
The  test  established  a  negligible  surface  contamination  (about  5 
parts  In  10^)  by  materials  which  could  lower  the  work  function. 

Evidence  suggested  that  the  double  node  effect  could  be 
distinguished  from  the  onset  of  an  arc  discharge  in  the  vicinity  of 
the  test  emitter.  At  no  time  during  the  measurements  did  a  discharge 
become  visible  near  the  emitter  or  Insulators.  However  It  should  be 
stated  that  the  light  from  the  emitter  made  this  observation  very 
difficult.  The  double  mode  behavior  could  not  be  Initiated  by  any 
change  of  emitter  potential  or  plasma  condition  In  regions  of  higher 
coverage  and  similar  or  larger  emission  densities. 

A  fine  structure  multi-node  characteristic  was  observed 
randomly  superimposed  on  the  tvo  principal  nodes  of  emission  which 
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■ay  have  been  due  to  difference*  In  reaponae  of  locally  predominant 
aurface  orientation*  in  the  polycrystalllne  material. 

The  S- curve*  of  Fig*.  2-8,  2-9,  and  2-10  deacrlbe  the 
emiaaion  characterlatlca  of  four  material*  Ir,  Re,  Ho  and  Da,  used 
In  cells  MO.  4  and  Mo.  5.  In  these  tubes  the  apurloua  emiaaion  from 
damp*  eaa  eliminated  and  the  emitter  potential  adjustment  vaa  made 
more  sensitive  to  allow  a  nearer  approach  to  optimum  space-charge 
neutralisation  at  emiaaion  minima.  Curves  for  Ir  and  Re  were  con¬ 
structed  from  measurements  with  two  filaments  of  different  lengths. 

The  longer  filament  of  each  Material  yielded  points  on  the  curve 
which  were  within  the  scatter  probably  caused  by  temperature 
fluctuations  and  snail  order  effects  in  the  plasma.  Although  It 
was  not  conclusive,  it  Indicated  that  no  serious  end  error  was 
Introduced  at  the  openings  of  the  sleeves.  Similar  results  were 
suggested  earlier  with  W  emitters  In  cell  Mo.  2.  A  better  arrange¬ 
ment  would  have  been  to  use  loops,  the  lengths  of  which  differed  by 
a  larger  ratio  than  was  possible  In  this  experiment.  The  choice 
of  filament  lengths  was  limited  by  problems  Involving  the  minimum 
lengths  necessary  to  allow  normal  construction  of  the  emitter  mounting 
and  the  maximum  length  permissible  before  sagging  of  the  filament 
occurred,  under  the  weight  of  the  exposed  portion.  S- curve  data 
for  Ir  was  restricted  to  tMQcratures  below  2000*K  to  prevent  undue 
evaporation  of  the  specimens.  The  dashed  lines  In  the  figures  describe 


portions  of  the  characteristics  in  which  data  was  collected,  but 
was  not  as  reliable  as  points  on  the  full-line  curves.  To  overcane 
electron  cooling,  when  the  ealtted  current  density  exceeded  10  A/ca 
measurements  were  Bade  by  depressing  a  switch  In  the  emitter  circuit 
and  reading  the  emission  current  in  the  fraction  of  a  second  before 
cooling  was  observed.  It  is  still  unclear  whether  this  method 
measures  a  transient  condition  which  Is  not  truly  representative  of 
emission  under  conditions  of  complete  space  charge  neutralisation. 

At  the  low  end  of  the  temperature  range  the  curves  fall 
away  from  the  minimum  work  function  line  (p  ~1.7  eV)  with  decreasing 
Cs  pressure*,  ibis  may  be  neglected  as  an  Intrinsic  property  of  the 
materials  but  probably  arises  from  a  systematic  error  In  the  tempera¬ 
ture  extrapolations  below  the  visible  range  of  the  mlcropyrometer, 
which  Is  gradually  eliminated  at  higher  pressures,  as  the  S- curve 
maximum  occurs  progressively  at  higher  temperatures. 

For  both  Ir  and  Re  specimens  data  were  collected  at 
Tc#  -  3W*K.  Curves  corresponding  to  this  temperature  were  not 
found  to  be  consistent  with  curves  at  higher  oven  temperatures 
and  have  therefore  been  omitted  from  this  report.  The  possibility 
exists  that  condensation  of  the  vapor  at  a  colder  part  of  the  cell, 
resulted  in  a  lower  TCg  than  was  measured  by  the  sldearm  thermo¬ 
couple  . 
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Some  Other  Experiment! 

Other  materials  have  been  Investigated  chiefly  In  the  fora 
of  coatings  on  a  fUaaentary  substrate  of  carburised  tantalum.  Finely 
powdered  lanthanum  hexaborlde  was  painted  onto  one  filament  In  the 
first  experimental  cell  but  no  significant  measurements  were  made 
with  the  specimen.  The  painted  coating  was  In  Itself  very  unsatis¬ 
factory,  the  method  allowing  no  precise  control  of  the  thickness  of 
the  deposit.  Temperature  fluctuations  as  much  as  100° C  were  observed 
in  adjacent  regions  along  the  loop  because  of  the  uneveness  of  the 
coating.  Some  work  was  undertaken  to  Improve  preparation  of  these 
surfaces.  The  more  direct  way  to  produce  TaC  was  found  by  heating 
a  Ta  wire  in  a  hydrocarbon  atmosphere.  The  conversion  process  vas 
controlled  by  monitoring  the  resistance  of  the  filament.  A  small 
amount  of  data  was  given  for  TaC  in  both  tubes  2  and  3  but  the 
investigation  was  not  taken  further  after  emission  characteristics 
were  later  found  to  be  non-reproducible.  It  vas  assumed  that  a 
deterioration  in  the  structure  of  the  carbide  had  taken  place, 
since  the  reaction 

2  TtC  TSgC  +  C 

can  proceed  under  coodltlons  similar  to  those  of  the  experiment,  at 
an  appreciable  rate^  for  temperatures  In  excess  of  2500°K.  The 
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temperature  of  the  specimens  wi  kept  Just  below  a  Halt  of  1750*K 
which  aay  still  have  been  high  enough  to  destroy  the  spec lain  surfaces 
In  an  experlaental  period  lasting  over  20  hours.  Carblded  surfaces 
■ay  be  used  a^ln  in  the  future  when  the  conditions  of  thslr  chemical 
stability  have  been  determined  more  precisely. 

A  HbC  surface  was  prepared  by  electrophoretic  deposition  of 
particles  on  a  TaC  fllaaent.  A  suspension  containing  particles  screened 
to  44  microns  disaster  was  ineffective,  however,  a  uniform  deposit  of 
1.7  all  average  thickness  was  achieved  from  a  suspension  of  particles 
of  about  2  microns  diameter.  The  adhesion  of  the  coating  was  found 
to  be  good  and  It  took  on  a  sintered  appearance  after  ou tossing. 
Reproducible  data  were  not  Obtained  for  this  specimen  because  of 
Instability  In  the  substrate. 

At  the  tlae  of  writing  a  snail  amount  of  work  has  been 

completed  to  study  the  effects  of  adsorbed  layers  on  the  emitting 

power  of  naterials.  tangarulr  and  Villars^  found  that  an  adsorbed 

monolayer  of  oxygen  increased  the  tendency  for  "sticking"  of  cesium 

(7) 

on  tungsten.  More  recently  Aamodt,  Brown  and  Hichols'  '  have  demon¬ 
strated  a  similar  effect  with  fluorine.  Experiments  In  the  current 
program  have  so  far  Involved  the  W-O-Cs  system  used  by  Iangmulr  ■ 

A  cell  has  been  built  substantially  similar  to  the  previous  cells 
differing  only  by  the  provision  for  one  test  emitter  position  and 
a  second  sldearm  containing  an  oxygen  ampoule.  Bro  attempts  have 


been  made  to  achieve  a  monolayer  of  oxygen  on  the  U  filament  and  while 

there  Is  evidence  to  suggest  the  treatment  took  place,  efforts  to 

"activate"  the  layer  at  an  oven  temperature  of  37 3°  K  have  destroyed 

both  specimen  surfaces.  The  total  removal  of  oxygen  from  the  surface 

vas  suggested  by  the  curve  In  Fig.  2-4  which  shows  emission  generally 

characteristic  of  bare  W.  The  cell  was  reusable,  it  being  necessary 

only  to  seal  new  ampoules  in  the  sldearms.  There  is  every  reason  to 

expect  ultimate  success  with  the  plasma-anode  technique  used  in  this 

type  of  investigation.  The  S-curve  maximum  for  Ta  in  Fig.  2-4  suggests 

a  surface  other  than  the  pure  metal  since  it  Involves  emission  densities 
2 

nearly  10  greater  than  measurements  with  the  same  material  in  cell 
Ho.  3*  The  minimum  work  function  is  shown  to  be  considerably  lower 
than  all  other  pure  metal-Cs  systems  investigated.  It  is  therefore 
highly  probable  that  oxygen  was  responsible  for  the  enhanced  effect, 
because  a  noticeable  seal  failure  occurred  shortly  after  these  measure¬ 
ments  were  taken,  which  ended  the  useful  life  of  the  cell. 
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Tig.  2-1  -  Plasma -anode  discharge  tube 
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Guard  Ring  Connection 


Tig.  2-3  -  Mounting  Detail  of  teat  emitter 
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rig.  2-4  •  S-Curve  cherecteristics  of  tungsten  end  tentej.ua 
for  Tc,  -  373'K  (PCi  -  5  x  lO"*  torr). 


fig.  2-5  -  S-Currt  characteristic*  of  rheniiM  for 
Hj,  "  390°K  (PCf  •  2-3  x  10*3  torr). 
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1. 


Low  Current  Emission  Mode.  Emission  Density  1.06  x 
Positive  Ion  Current  Density  1.25  x 


10"1  A/cm2 
10-5  A/ cm2 


2.  Simultaneous  Appearance  of  Both  Modes 
Low  Mode  Emission  Density 
High  Mode  Emission  Density 
Positive  Ion  Current  Density 


l.U  x  10_1  A/cm2 
2.06  x  10-*  A/ cm2 
1.58  x  10-3  A/cm2 


5.  High  Current  Emission  Mode.  Emission  Density 
Positive  Ion  Current  Density 


2.88  x  10'1  A/ cm2 
1.50  x  10-3  A/ cm? 


Pig.  2-6 


Thermionic  emission  switched  from  low  current  to 
high  current  mode  with  rhenium  at  1750°K  and 
T„_  -  462” K  (PCg  -  5  x  10-2  torr). 


Cs 


Fig.2-?Extrapolation  of  double-mode  behavior  to  zero  positive  ion  current 
arrival  at  test  emitter  for  rhenium  at  2160°K  and  Tc$  *  398°K 
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EVAPORATION  OF  MOLYBDENUM  IN  THE 
PRESENCE  OF  CESIUM  VAPOR 


The  use  of  refractory  metals  as  cathodes  for  thermionic  energy- 
converters  is  well  established.  ^  In  this  use  the  metals  sure  opera¬ 
ting  at  temperatures  high  enough  that  the  vapor  pressure  and  the  con¬ 
comitant  evaporative  loss  are  a  serious  problem.  A  straightforward 
calculation  of  evaporative  loss  in  a  thermionic  converter  cannot  be 
made  in  most  cases  because  of  the  presence  of  cesium  vapor. 

A  number  of  metals  and  alloys  have  been  proposed  for  possible 
use  in  a  thermionic  converter.  In  order  of  increasing  vapor  pressure, 

the  most  important  metals  are  W,  Re,  Ta,  Nb,  and  Mo.  The  data  of 

(2) 

Edwards,  Johnston,  and  Blackburn'  '  for  the  evaporation  of  Mo  are  shown 

(3) 

in  Figure  3-1.  An  additional  measurement'  was  made  to  confirm  the 
extrapolation  to  lower  temperatures  of  their  data. 

(4) 

From  the  classical  kinetic  theory  of  gases  '  the  relation¬ 
ship  of  evaporative  loss  Ry  to  vapor  pressure  can  be  expressed  in 
several  equivalent  ways: 
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When  evaporative  lots  occuvs  into  a  surrounding  pressure  or 
Into  a  finite  container,  the  relationship  of  vapor  pressure  and  evapor¬ 
ation  rate  cannot  he  so  easily  calculated.  Fonda^'^  treated  the  case 
of  tungsten  evaporating  into  various  Inert  atmospheres  and  concluded 
that  the  effect  Is  to  reduce  evaporative  loss  hy  introducing  a  diffu¬ 
sion  harrier.  For  the  case  of  evaporation  from  a  cylindrical  wire, 
the  rate  of  loss  R  could  he  expressed  as 

R - £_£_e - —  (2) 

rp  log  (1  +  •£) 

where  C  is  a  constant,  A  p  is  the  difference  in  concentration  between 
the  evaporating  surface  and  the  outer  surface  of  the  diffusion  harrier, 
r  is  the  diameter  of  the  wire,  p  is  the  pressure  of  the  inert  gas  and 
d  is  the  thickness  of  the  harrier.  For  the  plane  parallel  geometry 
used  for  our  measurements  this  becomes 


This  equation  can  also  he  derived  from  classical  kinetic 
theory^ .  In  a  very  general  form  it  can  he  expressed  as 

»  -  "v  <£*->  <5T>  <*> 

where  D  is  the  diffusion  constant,  and  the  subscript  1  refers  to 
quantities  evaluated  for  the  evaporating  substance  at  the  evaporating 
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temperature.  The  quantity  A  p/p1  is  equal  to  1  if  the  saturated  vapor 
is  present  at  the  evaporating  surface  and  the  pressure  of  the  evapora¬ 
ting  material  is  zero  at  the  outside  surface  of  the  diffusion  barrier. 
Utilizing  almost  any  model  of  gas-metal  atom  interaction  results  in  the 
quantity  Dp  as  constant  vlth  change  in  pressure.  Thus,  the  transport 
ratio,  defined  as  Ry/R,  is  directly  proportional  to  pd. 

S» 

—  •  »  pd  (5) 

uhere  a  is  a  constant,  the  reduction  coefficient. 

This  equation  will  yield  absurd  answers  for  sufficiently 
small  values  of  pd.  This  difficulty  is  avoided  by  considering  the  trans¬ 
ition  from  the  classical  dilute  gas  treated  here  to  the  Knudsen  gas, 
wherein  the  mean  free  path  is  larger  than  the  dimensions  of  the  appara¬ 
tus. 

If  this  correction  is  made,  equation  5  becomes 

■—■k  p+apd^l+apd  (6) 

where  p  is  a  slowly  varying  parameter  whose  value  is  near  unity.  Both 
equations  5  and  6  will  fit  the  data  presented  in  this  report. 

Another  effect  also  changes  the  evaporative  loss  from  a  metal 

surface.  A  small  amount  of  surface  contamination  cam  he  shown  to 

(7) 

increase  or  decrease  the  evaporation  rate  significantly.  w  In  a 
thermionic  converter  the  evaporating  surface  is  deliberately  contain- 
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lnated  with  a  partial  layer  of  adsorbed  cesium,  usually  for  work  func¬ 
tion  modification  and/or  space  charge  neutralization.  There  are  several 
effects  which  could  result  in  changes  in  evaporation  rate.  Fortunately, 
all  of  them  (in  the  first  approximation)  lead  to  the  same  form  of 
equation.  If  0  is  the  fractional  coverage  and  b  is  a  slowly  varying 
parameter,  then 

R  *  (l  +  b0)  Ry  (7) 

The  simplest  assumption  is  that  the  metal  cannot  evaporate 

through  the  cesium  layer.  In  this  caBe  b  -  -1.  A  second  possibility 

is  that  the  metal  and  the  cesium  react  to  form  a  pBeudo- compound  which 

then  evaporates,  bfl  would  then  be  the  first  term  in  the  series  expan- 
_  AF(8) 

sion  of  e  "  KT  where  A  F(e)  is  the  change  in  free  energy  of  vapor¬ 
ization.  The  same  argument  would  hold  if  assumptions  as  to  changes  in 
bonding  energy  because  of  coverage  are  made.  In  this  report  we  have 
assumed  b»  -1,  and  have  worked  only  at  one  value  of  0.  Further  work  is 
necessary  to  clarify  this  problem. 

The  basic  equation  assumed  to  hold  in  this  investigation  was 

Only  one  experimentally  determined  constant  is  present  in  this  equa¬ 
tion. 

In  order  to  determine  the  magnitude  of  the  effect  of  cesium 
on  evaporation  rate,  a  series  of  experiments  were  performed  utilizing 
the  apparatus  shown  schematically  in  Figure  3-2. 
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A  molybdenum  ribbon  filament,  0.2  cm  wide  and  0.025  cm  thick, 
was  heated  by  passing  a  current  through  it.  Pour  nickel  collectors 
(of  0.2  cm  area)  were  spaced  at  different  distances  from  this  evapora¬ 
tive  source.  After  holding  the  filament  at  temperature  while  a  cesium 
atmosphere  was  present,  the  amount  of  molybdenum  deposited  on  the 
nickel  collectors  was  determined  by  a  spectrographic  technique.  The 
total  analysis  had  a  sensitivity  of  about  1  microgram  of  molybdenum 
and  a  precision  of  about  15  percent. 

The  pressure  of  cesium  was  maintained  at  the  desired  level 
by  placing  the  entire  apparatus  within  a  constant  temperature  oven. 

The  pressure  was  calculated  from  this  temperature  using  Nottingham's 
equation. ^ 

The  temperature  of  the  filament  was  measured  at  a  number  of 
positions  by  means  of  an  optical  pyrometer  which  had  been  calibrated 
against  a  standard  lamp.  Corrections  were  made  for  the  emissivity  of 
molybdenum  and  for  the  measured  transmittance  of  the  Pyrex  envelope. 

No  corrections  were  made  for  either  the  possible  absorption  of  light 
by  cesium  vapor  (l  inch  path)  or  the  possible  changes  in  emissivity 
due  to  the  fractional  cesium  coverage. 

Spacings  were  measured  with  a  cathetometer  after  operating 
temperature  was  reached.  While  the  accuracy  of  measurement  was  about 
1  micron,  the  spacings  did  not  remain  constant  during  experimental  runs. 
The  spacings  reported  are  time  averaged,  and  variations  of  as  much  as 
25  percent  were  not  unusual. 
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End  effects  caused  by  the  finite  size  of  the  filaments  and 
collectors  were  estimated  by  considering  the  solid  angle  covered  by 
the  evaporating  filament,  nils  is  only  a  first  approximation  to  the 
true  case,  because  of  the  fact  that  the  mean  free  path  was  smaller 
than  the  spacing.  The  correcting  relationship  used  vas 

Rcorr  “  Rmeas  *  *L!&L  -d  log  (9) 

where  L  vas  the  vldth  of  the  evaporating  filament. 

The  results  obtained  using  the  apparatus  of  Figure  3-2  are 
sumnarized  in  table  I.  It  is  clear  that  a  large  reduction  in  evapora¬ 
tive  transfer  has  taken  place.  The  deposition  of  molybdenum  on  the 
nickel  collectors  was  quite  uniform,  with  no  whiskers  or  similar 
phenomena  detected.  In  Figure  3-3,  the  transport  ratio  Ry/R  has  been 
plotted  as  a  function  of  the  product  of  cesium  pressure  and  spacing. 

The  resulting  straight-line  relationship  is  in  accordance  with  theore¬ 
tical  prediction;  The  average  value  of  the  reduction  coefficient  is 
0.074  (mm  of  Hg  -  microns)*1  or  O.56  cm/dyne.  If  the  effect  of  the 
15  percent  coverage  is  considered  as  blockage  then  the  reduction  coeffi¬ 
cient  becomes  0.44  cm/dyne.  This  corresponds  to  a  collision  diameter 
of  12.7  A0.  (Strictly  speaking,  "a"  should  have  been  calculated  for 
each  test  separately  because  of  the  difference  in  evaporating  tempera¬ 
ture.  The  variation  expected  from  the  temperature  difference  is  only 
about  5  percent,  however.) 
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Considering  the  relative  crudity  of  the  experimental  techni¬ 
ques,  the  agreements  between  different  tests  ves  considered  quite  good. 

A  value  of  the  reduction  coefficient  vas  predicted  using  the  Lennard- 
Jones  (6-12)  model  and  the  value  of  ^.0  A°  for  the  collision  diameter. 
The  experimental  values  were  about  10  times  this  value,  lhe  possibility 
of  systematic  errors  vas  then  explored  in  some  detail.  A  «m*n  amount 
of  oxygen  contamination  would  Increase  the  cesium  coverage  to  values 
perhaps  as  high  as  0.$,  which  would  cause  an  apparent  increase  in  the 
reduction  coefficient  of  about  kO Hie  absorbtion  of  light  in  the  one 
inch  cesium  path  could  Increase  the  true  temperature,  but  this  would 
lead  to  an  underestimate  of  the  reduction  coefficient.  Convective  mass 
transfer  caused  by  the  vertical  placement  of  the  evaporating  filament 
could  not  lead  to  a  large  enough  loss  of  molybdenum,  particularly 
since  all  loss  would  be  equaled  by  gain  from  adjacent  filament  areas. 

An  error  in  temperature  measurement  caused  by  emlssivity  variations  on 
a  cesium  coated  surface  could  change  the  vacuum  evaporation  rate,  but 
this  would  also  be  apparent  in  the  plot  of  transport  ratio  versus 
pressure- spacing  (Figure  3-3). 

The  value  of  atomic  diameter  of  cesium  deduced  by  Gottlieb 
and  Zollweg^  from  thermal  conductivity  measurements  was  about  9-2  A0, 
in  reasonable  agreement  with  the  12.7  A°  deduced  in  this  work.  Hie 
techniques  used  were  very  similar  in  both  cases. 

The  values  of  transport  ratio  and  reduction  coefficient  for 
a  typical  thermionic  converter  are  given  in  Table  II  for  3  different 
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values  of  distance  of  closest  approach,  using  the  Lennard-Jones  model. 
Clearly,  the  amount  of  material  lost  from  an  evaporating  surface  will 
he  less  than  that  expected  from  measurements  made  In  vacuum.  For  the 
typical  conditions  of  Table  II,  this  reduction  will  amount  to  between 
60  and  93  percent. 
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CHAPTER  POUR 


REFLECTION  OF  ELECTRONS  FROM  CESIUM  COATED  SURFACES 

The  collection  of  electrons  of  very  low  energy  Is  Important 
to  the  efficient  conversion  of  heat  to  electrical  energy  in  such 
devices  as  the  thermionic  energy  converter  and  the  magnetohydrodynamlc 
generator.  Thermionic  converter  diodes  usually  use  cesium  vapor  to 
adjust  the  emitter  and  collector  work  functions  and  to  furnish  the 
positive  ions  to  reduce  space  charge.  MHD  generators  sometimes  use 
gases  "seeded"  with  alkali  metals  such  as  cesium  to  Increase  the 
electrical  conductivity  at  lower  gas  temperatures . 

In  order  to  adequately  understand  the  operation  of  these 
devices  it  is  necessary  to  know  quantitatively  what  fraction  of  the 
electrons  Incident  on  a  cesium  coated  surface  are  accepted  and  what 
fraction  reflected,  especially  in  the  thermal  energy  range,  below  about 
0.2  eV  where  little  experimental  data  is  available  for  surfaces  of  any 
kind. 

The  current  interest  in  energy  conversion  has  also  led  to 
increased  interest  in  the  physical  properties  of  cesium  vapor.  Since 
experimental  tubes  designed  to  measure  these  properties  often  collect 
electrons  on  cesium  coated  surfaces  and  the  reflection  of  electrons 
may  be  of  the  order  of  50$,  it  is  useful  to  have  more  quantitative  data 
to  aid  in  interpretation  of  the  experimental  results. 

Theoretical  treatments1  have  concluded  a  low  reflection  coef¬ 
ficient  tending  to  sero  at  low  primary  energies  for  certain  clean  metal 
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surface a.  While  Tovler  end  Farnsworth  have  found  evidence  to  support 

* 

these  conclusions  for  clean  Metals,  they  and  o there  have  found  reflection 
coefficients  as  high  as  50  and  60 %  for  gas  covered  surfaces.  Hie  residual 
gases  ordinarily  encountered  in  vacuus  tubes  either  increase  the  vork 
function  or  do  not  change  It  greatly.  In  contrast  to  Cs  Which  reduces 
the  vork  function  appreciably.  Since  a  Monolayer  of  cesius  usually 
reduces  the  vork  function  of  a  metal  by  about  5  eV,  this  change  In  the 
potential  energy  of  the  electron  near  the  surface  may  have  a  large  effect 
on  electron  reflection.  With  polycrystalllne  surfaces  strong  patch  fields 
may  also  be  present  giving  rise  to  significant  electron  reflection.  The 
experimental  vork  described  below  was  designed  to  obtain  more  quantitative 
information  In  these  areas  with  special  emphasis  on  very  low  primary 
electron  energies. 

Experimental  Technique 

The  experimental  tube  utilised  "monoenergetic"  electrons  obtained 

4 

by  the  ac  retarding  potential  difference  technique  with  an  orthicon-type 
deflection  system . ^  Figure  4-1  shows  schematically  the  experimental  tube, 
an  improvement  version  of  that  of  ref.  1.  Electrons  emitted  by  the  fila¬ 
ment  at  the  left  are  accelerated  by  the  next  electrode.  Those  emerging 
through  the  circular  aperture  are  retarded  by  the  two  dc  retarding 
electrodes  and  by  the  center  electrode  which  has  a  0.05  v  ac  retarding 
potential  superimposed  upon  the  dc.  This  ac  potential  alternately  trans¬ 
mits  or  reflects  electrons  In  a  narrow  energy  range  of  the  electron 
distribution  while  allowing  more  energetic  electrons  to  be  transmitted. 


The  final  electrode  accelerates  the  electrons  to  the  desired  primary 
energy.  The  electron  beam  striking  the  target  thus  consists  of  a  dc 
plus  an  ac  component  but  only  the  ac  component  is  detected. 

An  axial  magnetic  field  of  120  gauss  collimates  the  electron 
beam.  Between  the  target  and  the  collector  for  reflected  electrons, 
two  grids  have  been  provided  so  that  a  small  transverse  dc  electric 
field  can  be  established  such  that  the  reflected  electrons  will  he 
displaced  perpendicular  to  both  the  electric  and  magnetic  fields  and 
thus  be  prevented  from  escaping  back  to  the  electron  gun.  The  grids 
are  shaped  to  minimise  the  introduction  of  transverse  electron  energy.^ 
The  ac  currents  to  the  target  (surface  being  studied)  and  to  the  two 
collectors  for  reflected  electrons  are  measured  by  means  of  the  ac 
voltage  developed  across  the  1  megohm  load  resistors,  amplified  by  the 
Textronic  Type  122  preamplifier  and  White  2l6A  amplifier,  (both  equipped 
with  37  cycle  tvin-T  feedback  networks),  synchronously  detected  and 
measured  with  a  dc  milllvoltmeter.  The  switch  enables  the  same  ampli¬ 
fying  system  in  turn  to  measure  the  currents  to  the  various  electrodes. 

A  conductive  coating  on  the  Fyrex  envelope  outside  the  grids  collects 
stray  electrons  and  prevents  charging  of  the  glass.  All  of  the  elec¬ 
trodes  and  grids  are  made  of  the  alloy  Advance  to  reduce  the  possibility 
of  contact  potential  differences.  Such  difficulties  persist,  however, 
in  the  presence  of  ceslvm  vapor  vhen  the  parts  are  at  different  temper¬ 
atures.  Provision  is  made  to  adjust  the  potentials  of  the  electrodes 
to  compensate  for  such  potential  differences. 
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figure  k-2  shows  a  photograph  of  the  experimental  tube  before 
being  Mounted  in  the  Pyrex  envelope  and  evacuated.  The  electron  gun  la 
covered  by  the  grounded  shield  at  the  left  but  the  gride  and  target  at 
the  right  are  visible.  In  this  tube  several  polycrystalline  metals, 
(copper,  molybdenum,  stainless  steel,  monel.  Inconel,  silver  plate, 
tungsten,  platlmn,  tantalus,  and  Advance)  have  been  provided  with  an 
arrangement  such  that  each  can  be  manipulated  In  turn  to  the  target 
position.  There  vas  no  provision  for  heating  the  targets  Internally  to 
provide  thorough  outgasslng  or  to  change  the  Cs  coverage.  The  ala  was 
to  sake  a  survey  of  several  polycrystalline  materials  with  approximately 
one  monolayer  coverage  of  cesium  under  the  degree  of  cleanliness  expected 
for  a  thermionic  converter  or  an  experimental  tube  without  special  efforts 
to  clean  the  surface.  It  was  found  that  the  leakage  resistance  between 
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metal  leads  In  the  glass  press  remained  greater  than  10  ohms  for  the  low 

Cs  pressures  used  so  that  10^  ohm  load  resistors  could  be  used.  Beam 
-9 

currents  of  about  10  amps  were  used. 

The  purpose  of  the  second  collector  was  to  collect  those 
electrons  reflected  at  the  target  which  were  reflected  for  a  second 
time  at  the  main  collector.  Collector  sizes  were  such  that  electrons 
reflected  as  many  as  5  to  6  times  were  still  Incident  on  one  of  the 
collectors.  To  reduce  electron  reflection  the  two  collectors  had  their 
surfaces  coated  with  electrolytically  deposited  platinum  black.  Because 
these  surfaces  proved  to  have  a  very  low  reflection  coefficient  It  was 
also  possible  to  measure  the  longitudinal  component  of  the  energy  of 


the  reflected  electrons 
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Hie  distribution  of  current  between  the  target  mad  collector 
electrodes  as  a  function  of  the  voltage  between  tbs  two  grids  la  shown 
in  Figure  4-3  for  a  primary  electron  energy  of  1  eV.  For  grid  voltage 
between  10  and  2d  volts  the  fractions  of  the  total  current  collected  at 
the  three  electrodes  is  independent  of  grid  voltage.  At  higher  grid 
voltage  part,  and  finally  all,  of  the  incident  bean  Bisses  the  target 
and  strikes  the  second  collector.  Hie  small  current  to  the  second 
collector  in  the  plateau  region  and  the  current  to  collector^  at  high 
grid  voltage  Indicate  that  about  8$  of  the  electrons  striking  the 
platimm  black  surfaces  are  reflected.  Hie  rise  in  target  current  near 
zero  grid  voltage  occurs  because  sene  reflected  electrons  having  lost 
part  of  their  longitudinal  component  of  energy  in  the  reflection  process 
are  repelled  by  the  retarding  potential  electrodes  in  the  electron  gun 
and  hence  return  to  the  target  a  second  time.  Hie  retarding  potential 
measurements  reported  below  show  that  the  reflected  electrons  have  a 
longitudinal  energy  distribution  from  zero  to  the  primary  electron 
energy.  Hie  knee  of  the  target  current  curve  comes  at  a  lower  grid 
voltage  than  that  for  the  collector  currents  because  with  smaller 
deflection  the  reflected  electrons  strike  the  final  accelerating 
electrode  rather  than  collector^.  These  results  illustrate  the 
significant  error  that  results  from  using  the  magnetic  collimatlon 
technique  without  the  electron  deflection  region  for  electron  reflec- 

7 

tion  measurements. '  In  this  example,  with  this  geometry  by  using  the 
target  current  with  zero  grid  voltage  one  would  calculate  a  reflec¬ 
tion  coefficient  of  about  14$  in  contrast  with  the  correctly  measured 
value  of  4l£. 


k.6 

Curves  similar  to  that  of  Figure  V-J  won  alao  obtained  for 
primary  energies  of  0.1  eV  and  5  eV  with  the  average  potential  between 
gride  about  +0.5  V.  It  was  found  convenient  to  vary  the  primary  electron 
energy  by  changing  the  accelerating  potential  E^.  To  cover  the  entire 
energy  range  three  values  of  grid  voltage  were  used.  Taking  the  data  in 
this  way  weens  that  the  primary  beam  moves  soawwhat  over  the  target 
surface  and  the  results  are  thus  an  average  for  the  surface.  The  results 
with  different  grid  voltages  Joined  smoothly  except  in  a  few  cases  where 
Jumps  of  1  to  Sf  In  the  reflection  coefficient  resulted. 

The  energy  spread  of  the  ac  component  of  the  electron  beam 
leaving  the  gun  could  not  be  usefully  Investigated  by  retarding  at  the 
main  collector  for  reflected  electrons.  This  was  because  field  pene¬ 
tration  made  the  potential  in  the  aperture  differ  from  that  of  the 

collector  surface,  depending  upon  potential  difference  between  the 

0 

collector  and  the  nearby  accelerating  electrode.  Indeed,  a  smaller 
indicated  energy  spread  of  the  primary  beam  was  obtained  from  measure¬ 
ments  of  target  current  vs.  target  potential  than  from  target  current 
vs.  collector  potential.  Primary  energy  was  varied  by  changing  the 
accelerating  potential  E^  keeping  the  target  about  1  volt  negative  and 
the  collectors  about  1  volt  positive  with  respect  to  the  final  accelera¬ 
ting  electrode.  Thus  information  obtained  about  the  spread  of  electron 
energy  of  the  incident  beam  is  coupled  with  the  experimental  results 
and  discussion  of  It  is  deferred  to  the  next  section. 


Experiment*!  Results 


Figure  4-4  shove  on  a  greatly  expanded  scale  the  measured 
target  current  and  reflection  coefficient  near  zero  primary  energy  for 
the  Advance  -  Cs  target  with  a  work  function  of  about  J.l4  eV.  The 
reflection  coefficient  is  defined  as  the  current  to  the  two  collectors 
divided  by  the  sum  of  the  target  current  plus  collector  currents.  The 
rapid  decrease  in  target  current  and  Increase  in  reflection  coefficient 
at  the  left  occurs  vhen  most  of  the  incident  electrons  are  reflected 
in  front  of  the  target  because  they  have  insufficient  energy  to  reach 
the  target  surface.  The  fact  that  the  change  occurs  over  a  finite 
energy  range  is  because  of  the  energy  spread  in  the  incident  beam. 

The  sharp  break  that  occurs  at  +.02  volts  suggests  that  the  mmber 
of  slower  electrons  is  negligible  and  that  the  reflection  coefficient 
measured  there  is  close  to  the  correct  one.  This  cannot  be  definitely 
established,  however,  because  if,  for  example,  10)1  of  the  incident 
electrons  were  of  such  low  energy  that  they  would  all  be  reflected, 
then  a  true  reflection  coefficient  of  zero  at  +0.2  volts  would  give 
the  measured  results.  The  measurement  of  +0.02  volts  really  Includes 
electrons  from  +.02  to  +.12  volts,  but  because  the  nuhber  decreases 
so  rapidly  with  increasing  energy  and  the  reflection  changes  relatively 
slowly  the  measurement  is  probably  only  slightly  too  high* 

We  shall  now  consider  the  energy  spread  expected  for  the 
experimental  tube  under  ideal  conditions- -assisting  uniform  work  function 
emitter,  target  and  retarding  potential  electrodes  and  uniform  potential 
across  the  apertures  in  the  retarding  potential  electrodes.  The  ac 


retarding  potential  electrode  then  alternately  passes  or  rejects  electrons 
with  longitudinal  energy  in  a  narrow  band  because  of  the  0.0?  V  square 
wave  retarding  signal.  Then  as  the  target  potential  is  made  more  negative 
and  becomes  retarding  the  ac  target  current  will  decrease  exponentially, 
assuming  the  electrons  have  a  Boltzmann  energy  distribution.  This  decrease 
should  correspond  to  an  emitter  temperature  of  about  1500°K  but  should  be 
limited  to  a  0.0?  V  range  beyond  which  the  decrease  should  be  even  faster. 

Figure  U-?  shows  the  experimentally  measured  ac  current  to  the 
Advance -Cs  target  plotted  on  a  semilog  plot.  The  expected  exponential 
decresise  Is  observed  but  the  decrease  is  somewhat  faster  and  occurs  over 
a  longer  range  of  voltage  than  expected,  because  of  a  departure  from 
ideal  conditions.  It  was  noted  that  the  measured  energy  spread  was  leBB 
when  the  initial  accelerating  voltage  Eg  was  reduced  from  6  volts  to 
about  1.?  volts.  At  the  higher  voltage  the  target  current  decreased 
initially  at  about  the  same  rate  but  currents  about  10$  of  incident  beam 
persisted  to  larger  retarding  voltages. 

The  observed  spread  is  made  up  of  two  components,  the  energy 
spread  of  the  initial  beam  and  nonunlfonnity  of  the  target  work  function. 
Actual  stopping  of  the  primary  electrons  in  front  of  the  target  could 
lead  to  a  small  space  charge  region  which  would  change  the  observed 
spread.  It  was  experimentally  verified  that  this  was  not  the  case  by 

measuring  the  target  current  vs.  target  potential  for  dc  beam  currents 

-10  -9  -9 

of  2.?  x  10  amps,  ?  x  10  amps  and  th$  normally  used  1  x  10  amps. 

me  results  were  identical  within  experimental  error.  The  results  with 

Advance -Cs  (0  -  ?.l4  eV)  showed  the  sharpest  change  with  a  few  surfaces 


showing  considerably  greater  spread.  We  assume  that  most  of  the  spread 
observed  in  Figures  3  and  4  is  that  of  the  primary  beam  but  the  greater 
spread  with  other  targets  was  introduced  by  patches  of  differing  work 
function  on  the  target. 

Die  target  vork  function  could  be  determined  from  the  target 
current  plots  in  Figures  4-4  and  4-5.  Die  Intercept  of  the  two  straight 
lines  on  the  semilog  plot  could  usually  be  determined  to  a  precision  of 
0.002  volts.  Dils  value  combined  with  any  target  battery  voltage  and 
the  assumed  vork  function  of  the  tungsten  emitter  4.53  eV  allowed  a 
measurement  of  the  vork  function  that  is  probably  correct  to  within 
0.2  eV  absolutely  with  relative  accuracy  within  0.05  eV.  Die  retarding 
potential  was  always  adjusted  for  a  maximum  ac  target  current  (+  .02  V) 
hence  the  minimum  retarding  potential  at  the  target  would  correspond  to 
the  potential  Just  outside  the  tungsten  emitter.  Even  when  cesium  vapor 
was  present  the  emitter  temperature  was  sufficiently  high  that  its  work 
function  would  not  he  altered  by  Cs  adsorption.  Die  filament  was 
sufficiently  distant  from  the  cesiisn  source  that  at  the  very  slow  dif¬ 
fusion  rates  of  cesium  vapor  at  room  temperature,  the  nearby  cold 
retarding  potential  electrodes  did  not  become  cesium  coated  for  several 
days.  Emission  data  from  the  tungsten  ribbon ^was  obtained  using  a 
magnetic  field  to  define  the  surface  area  and  measuring  the  current  at 
the  target  at  various  filament  temperatures.  From  the  slope  of  a 
Richardson  plot  a  vork  function  of  4.16  eV  with  A  -  2.25  was  obtained. 
Adjusting  to  A  ■  120  gives  0  ■  4.30  eV.  Using  the  known  area  and 
assuming  A  •  120  a  work  function  of  4.65  «V  was  obtained  at  1500°K. 


Although  these  data  were  not  entirely  satisfactory,  they  do  bracket  the 
accepted  value  and  give  the  limit  to  the  absolute  accuracy  of  the  vork 
function  determinations  of  the  target  surfaces. 

Determination  of  an  Intercept  on  the  semilog  plot  was  almost 
always  very  precise  but  this  emphasizes  the  low  vork  function  areas  on 
the  target  in  the  event  of  nonuniformity.  Another  value  could  be  obtained 
by  the  Intersection  of  two  straight  lines  at  the  knee  of  the  linear  plot 
of  target  current  vs.  voltage  In  Figure  4-3.  This,  of  course.  Is  more 
sensitive  to  the  high  vork  function  patches.  For  the  present  example 
the  difference  in  these  values  was  only  0.006  eV  while  in  other  cases 
it  was  as  much  as  an  order  of  magnitude  greater.  This  difference  is 
taken  to  be  sane  measure  of  the  patchiness  of  the  target  surface.  In 
view  of  the  large  changes  in  work  function  which  occur  because  of  cesium 
adsorption,  the  relative  freedom  from  patch  effect  Is  striking. 

The  determination  of  the  target  work  function  as  discussed 
above  also  determines  the  point  of  zero  primary  electron  energy. 

On  logical  grounds  one  might  question  this  procedure  since 
the  values  obtained  depend  upon  the  acceptance  or  reflection  of  electrons 
at  the  target — the  precise  properties  that  turn  being  measured .  If  the 
reflection  coefficient  of  the  target  material  were  100^  for  primary 
electron  energy  below  +X  volts  then  the  primary  energy  zero  as  deter¬ 
mined  here  would  really  be  +X  volts  instead  of  zero.  This  possibility, 
however,  seems  to  be  very  remote.  Even  if  the  incident  electron  energy 
and  momentum  were  such  that  100$  reflection  should  occur  for  certain 
directions  at  certain  crystal  faces,  the  angular  spread  in  momentum  of 


the  incident  bean,  the  polycryetalline  nature  of  the  targets  and  the 
probability  of  nooentm  changing  collisions  at  the  surface  make  it 
unreasonable  to  expect  reflection  coefficients  approaching  100)1  for 
incident  energies  greater  than  zero.  100$  reflection  of  electrons 
incident  upon  the  surface  from  the  outside  would  also  imply  100$ 
reflection  of  electrons  incident  from  vithin,  hence  no  thermionic  or 
photoelectric  emission.  Ulus  the  zero  of  primary  energy  determined 
here  corresponds  to  the  threshold  for  electron  emission  at  least  to 
within  about  0.1  eV. 

Hie  possibility  of  a  dependence  of  the  reflection  coefficient 
on  magnetic  field  was  considered.  Spot  checks  near  minimus  reflection 
were  made  for  several  of  the  targets  with  the  magnetic  field  adjusted 
to  one  half  and  twice  Its  usual  value  of  120  gauss.  The  reflection 
coefficients  obtained  were  within  1$,  approximately  the  experimental 
error  of  the  measurements.  Since  the  diameters  of  the  electron  helical 
paths  depend  upon  msgnetic  field,  results  obtained  with  different  field 
strengths  will  differently  average  any  patch  structure  on  the  surface. 
Thus  these  results  indicate  that  any  prominent  patch  structure  on  the 
surface  is  smaller  than  the  diameter  of  the  helical  path  of  an  electron 
with  transverse  energy  of  about  0.1  eV  and  a  magnetic  field  of  60  to 
24o  gauss. 

The  measured  reflection  coefficient  for  several  target 
materials  with  differing  amounts  of  cesivsn  coverage  are  shown  In  Figures 
4-6  to  4-1*0.  These  Include  curves  shoving  the  measured  reflection 
coefficient  over  the  entire  range  covered,  up  to  primary  electron 
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energies  of  5  eV,  as  mil  m  plots  of  the  target  current  end  reflection 
coefficient  near  sero  pr leery  energy  on  e  greatly  expended  scale.  All 
of  these  aaterlals  had  heen  mechanically  polished  and  had  been  subjected 
to  bekeout  temperature*  up  to  350°C  vhlle  being  evacuated  but  not  to 
further  rigorous  heating.  Measurements  vere  made  on  Advance  and 
molybdemm  targets  with  3  degrees  of  Cs  coverage  and  with  one  or  two 
degrees  of  coverage  for  the  other  target  surfaces.  With  increasing 
ceslua  coverage  (lower  work  function)  there  Is  observed  a  snail  Increase 
In  reflection  coefficient  yet  all  the  curves  are  qualitatively  similar 
In  shape.  A  sumsary  of  the  experimental  data  is  given  In  Table  I.  The 
low  work  functions  given  here  were  obtained  from  semilog  plots  of 
target  current  vs.  the  voltage  2^  as  discussed  above  and  0  gives  the 
difference  between  this  value  and  that  obtained  on  a  linear  plot.  This 
gives  same  measure  of  the  variations  In  work  function  of  the  target 
surfaces.  For  the  molybdenum  target  the  variation  observed  was 
considerably  greater  than  for  most  of  the  other  targets  and  the  knee 
on  the  linear  plot  was  relatively  poorly  defined.  The  reflection 
coefficient  for  electrons  Incident  on  chemically  deposited  platinum 
black  was  measured  by  applying  sufficient  grid  voltage  that  the 
primary  beam  missed  the  target  proper  and  struck  the  second  collector. 
The  reflection  coefficient  given  here  was  calculated  as  the  ratio  of 
the  current  to  the  main  collector  to  the  sum  of  the  currents  to  the 
main  and  second  collectors.  If  we  had  plotted  the  ratio  of  the  main 
collector  current  to  the  second  collector  current  (appropriate  for 
Identical  surfaces  with  Identical  Incident  energy  and  reflection 
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coefficient*)  then  the  reflection  coefficient  would  have  teen  0. #  to  O.ff 
hitter.  The  reflection  coefficient  for  platlnw  black  with  lees  cesiun 
coverage  was  approximately  the  sane  as  that  given  here.  These  results 
for  cesii*  coated  surfaces  show  considerably  greater  electron  reflection 
than  the  values  quoted  in  the  literature  for  clean  Metals.  In  the  primary 
energy  range  below  5  eV  the  reflection  coefficient  for  clean  Metals  usually 
obtained  is  below  about  2*%. 

Retarding  Potential  Measureaents 

The  nail  electron  reflection  coefficient  from  the  collector 

surfaces  coated  with  platinise  black  made  it  possible  to  Measure  the 

longitudinal  component  of  energy  of  the  reflected  electrons  by  retarding 

at  the  naln  collector  surface.  Because  of  field  penetration  of  the 

aperture  the  potential  of  the  aaln  collector  could  be  adjusted  even  to 

the  energy  of  the  Incident  electrons  without  altering  the  beam  current. 

The  longitudinal  energy  loss  of  the  reflected  electrons  whether  aero  or 

10C#  could  be  determined  to  an  accuracy  of  about  1$. 

It  will  be  shown  that  the  ratio  of  the  current  collected  at 

the  aaln  collector  to  the  sun  of  the  currents  to  and  C2  for  a 

given  retarding  potential  E_  gives  very  nearly  the  fractional  part  of 

C1 

the  reflected  electrons  with  longitudinal  energy  greater  than  E_  . 

°1 


Referring  to  the  sketch  we  let 


Cl 


T  ■  Target 
■  Main  Collector 
Cg  m  Auxiliary  Collector 

R  ■  Reflection  Coefficient  of  Target  for  the  Particular 
Primary  Electron  Energy 

R'  «  Part  of  the  Reflected  Electrons  vlth  Sufficient 
Longitudinal  Energy  to  Reach  the  Surface 
R“  -  Part  of  the  Reflected  Electrons  with  Insufficient  Longi¬ 
tudinal  Energy  to  Reach  the  Surface  C^ 
r  ■  Reflection  Coefficient  for  the  Platinum  Blacks  Surface 
of  and  Cg  Which  by  Experiment  Has  Been  Pound  to  he 
Relatively  Independent  of  Primary  Energy. 

Then  we  have 

R  ■  R'  +  R" 

and  of  the  electrons  initially  Incident  on  C^,  R'  (l-r)  are  accepted 
initially  while  R*  r  +  R"  are  reflected.  Baking  Into  account  additional 
reflections  at  Cg  and  C^  the  total  current  collected  at  C^  Is 
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In  -  R'  (1-r)  <1  +  r2  +  r4  +  ...), 

ri 

and 

Ic 

“  r<"+~r"  (1-r)  (1  +  t2  +  r4  +  ...). 

\  % 

Since  r  has  been  found  to  be  between  .0$  and  .06  the  last  bracket  In  this 
equation  is  between  1.0025  and  1.0064  while  (1-r)  nay  vary  between  0.9? 
and  0.92.  The  results  given  below  will  show  that  the  electrons  striking 
and  Cg  have  a  vide  range  of  energy  hence  the  small  observed  variation 
in  r  with  energy  is  averaged  over  electron  energy.  The  ratio 


gives  then  the  fraction  of  the  reflected  electrons  with  longitudinal  energy 
greater  than  the  retarding  potential  times  (l-r) . 

Figures  4-4l  to  4-43  show  the  relative  current  collected  by 
for  various  primary  electron  energies  when  the  copper  target  has  a  small 
fractional  Cs  coverage  and  a  work  function  of  3.70  eV.  Figures  4-44  to  4-46 
show  similar  data  for  a  greater  Cs  coverage  and  work  function  of  1.63  eV. 
Kote  that  for  primary  electron  energy  less  than  the  work  function  the 
curves  show  a  nearly  linear  decrease  with  increase  in  retarding  potential. 
This  shows  that  the  longitudinal  energy  of  the  reflected  electrons  is 
equally  likely  to  be  any  value  between  sero  and  the  primary  energy.  In 
this  low  energy  region  one  expects  the  primary  electrons  to  be  mostly 
elastically  reflected  as  found  by  other  investigators,^’10  (although  not 


for  Cs  coated  surface ■) .  If  ooe  makes  the  assunption  that  all  of  the 
primaries  sure  elastically  reflected  then  these  results  are  consistent 
with  a  model  In  which  the  primary  electrons  are  either  completely 
absorbed  or  reflected  Isotropically  over  the  half  plane.  A  cosine 
angular  distribution  of  the  elastically  reflected  primaries  would 
yield  retarding  potential  curves  quite  different  from  the  experimental 
results. 

At  primary  energies  greater  than  the  work  function,  a  departure 
from  the  linear  character  is  noted,  especially  for  the  lower  work  function 
target.  These  curves  show  a  greater  nunber  of  low  longitudinal  energy 
electrons  which  may  be  true  secondaries  and  a  relative  decrease  in  part 
of  the  more  energetic  ones.  However,  the  departure  front  a  linear 
decrease  Is  not  great  which  suggests  that  elastic  reflection  is  still 
dominant. 

Obese  results  obtained  with  polycrystalline  targets  cannot 
distinguish  whether  the  apparent  Isotropic  distribution  Is  obtained  from 
each  crystallite  or  whether  the  Isotropic  nature  Is  only  the  consequence 
of  averaging  over  several  differently  oriented  crystallites  In  the 
target  surface.  Work  In  progress  using  single  crystal  tungsten  targets 
should  answer  this  question.  Jonker11  with  25  eV  primary  electrons 
incident  on  polycrystalline  nickel  has  found  an  angular  distribution 
for  reflected  primaries  that  approaches  a  cosine  function  for  normal 
incidence  in  contrast  to  the  present  results.  Svtuhov,  Smith  and 
leggy12  have  obtained  normal  energy  distributions  for  electrons 
reflected  from  a  molybdemn  target  which  appear  to  have  some  cosine 


character  at  lev  primary  energy.  They  appear,  however,  to  have  confused 
the  noraal  energy  distribution  expected  for  a  cosine  distribution  vith 
that  to  be  expected  for  an  Isotropic  distribution. 
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Tub*  ond  circuit  for  electron  reflection  meoeure meats 


Relative  Current 


Total  Grid  Voltage  -  volts 


rig.  k-}.  Relative  currents  to  tbe  target  and  tbs  two 
collector  electrodae  re.  deflecting  grid 
voltage.  Priaery  electros  energy  Is 
1.0  eV. 
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rig.  4-4.  Watered  reflection  coefficient  and  target  current 
re.  prlaary  electron  energy  and  potential  far 
Adranee-Ce  on  a  greatly  expanded  ecale  near  sero 
prlaary  energy.  0  ■  3.14  eV. 
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Fig.  4-5.  Seallog  plot  of  target  current  v».  potential  E. 

used  to  obtain  aero  of  prlaary  electron  energy 
and  eatlaate  the  target  work  function  for 
Advance -Ce. 
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rig.  *-6.  Heecured  reflection  coefficient  for  Adeaace-Co 
primary  electron  energy  and  potential  II. 
p  m  5.1V  eV. 
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Tig.  4-7.  Manured  reflection  coefficient  and  target 
current  for  Advance -Ca  target  ve.  primary 
electron  energy  and  potential  El  near  sero 
prlaary  energy.  0  ■  2. OS  eV. 
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4-8.  Manured  reflection  coefficient  for 

Advance-Ce  prleery  electron  emrgj r 
and  potential  E^.  0  »  2. OS  eV. 


4.28 


Primary  Electron  Energy  -  volts 


Pig.  4-9.  NMMured  reflection  coefficient  and  target 
current  for  Advance-Cs  target  vs,  primary 
electron  energy  and  potential  E,  near  zero 
primary  energy.  P  -  1.59  eV. 
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MMcured  reflection  coefficient  for 
Advaace-Ce  to.  prl macj  electron  energy 
end  potential  E^.  0  -  1.59-*^. 
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Mg.  4*12.  NMsured  reflection  coefficient  for 
Jto-Ce  T*.  prinary  electron  energy 
end  potential  1^.  fi  -  3.l»8eV. 
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rig.  *-13.  Mcaeured  reflection  coefficient  end  target 

current  for  Mo-On  target  r».  pr  leery  electron 
energy  and  potential  near  aero  prlnary 
energy,  p  -  2.9*  eV. 
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Fig.  4-14.  Measured  reflection  coefficient  for 
Mo-Cs  re.  priaary  electron  energy 
end  potential  1^.  P  ■  2.94(eV. 
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Fig.  4-1$.  Measured  reflection  coefficient  and  target 

current  for  MO-Ce  target  re.  primary  electron 
energy  and  potential  1/  near  zero  primary  energy. 
Jf  =  1.68a7.  * 
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Tig.  4-16.  Measured  reflection  coefficient  for 
Mo-Ce  re.  pr leery  electron  energy 
and  potential  0  -  1.68  eV. 
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rig.  4-17.  Mmmut ed  reflection  coefficient  end  target 
current  for  H-Cs  target  va.  primry  electron 
energy  and  potential  B>  near  aero  priaary  energy. 
fim  3.56.eV.  H 
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Tig.  4-18.  Measured  reflection  coefficient  for  V-Cs 
vs.  primry  electron  energy  and  potential 

E4-  P  -  3.?6  eV. 
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Tig.  4-19.  lteaaured  reflection  coefficient  and  target 
current  for  V-Cs  target  re.  prlnary  electron 
energy  and  potential  K.  near  aero  primary 
-  energy,  fi  -  1.53  «V.  * 
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E4  -  volts 

rig,  4-20.  Measured  reflection  coefficient  for  V-Ce 
vs.  prinary  electron  energy  and  potential 

E^.  (>  *  JL.55  eV, 
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Primary  Electron  Energy  -  volts 


rig.  4-21.  Measured  reflection  coefficient  and  target 

current  for  Te-Ca  target  va.  prlaary  electron 
energy  and  potential  near  aero  prlaary 
energy,  ft  ■  1.57  eV. 
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Tig.  k-22.  Measured  reflection  coefficient  for  Tn-Ce 
re.  prlaary  electron  energy  end  potential 
p  ■  1.574V. 


KM 


Primary  Elactron  Energy  -  volts 


Jig.  V-2J.  Measured  reflection  coefficient  and  target 

current  for  Cu-C*  re.  prl aery  electron  energy 
and  potential  lk  near  sero  prlanry  energy. 

*  -  3.71. ev.  4 
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Fig.  V-2V.  Measured  reflection  coefficient  for  Cu-Ce 
re.  pr leery  electron  energy  end  potential 
1^.  P  -  3*71  eV. 


Reflection  Coefficient  -  %,  target  current  -  arb.  units 
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Fig.  4-2?.  Measured  reflection  coefficient  and  target 

current  for  Cw  fie  target  ve.  primary  electron 
energy  and  potential  E^  near  tero  primary 
energy.  P  »  1.6?  eV. 
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Fig.  4-26.  Meaaured  reflection  coefficient  for  Cu-Cs 
re.  priaary  electron  energy  and  potential 
E^.  P  m  1.63  ev. 
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Primary  Electron  Energy  -  volts 


Pig.  k-27.  Meaeured  reflection  coefficient  and  target 

current  for  Pt-Ca  target  vs.  primary  electron 
energy  and  potential  near  zero  primary  energy. 
i>  •  1.63  eV. 
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Fig.  4-28.  Measured  reflection  coefficient  for  Pt-Cs 
v».  priaary  electron  energy  and  potential 

V  P  ■  1.63  ev. 
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71«.  4-29.  Measured  reflection  coefficient  and  target 

current  for  Ag-Cs  target  re.  pr leery  electron 
energy  and  potential  B.  near  sero  primary 
energy,  fi  -  3.15  eV. 
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rig.  V-30.  Measured  reflection  coefficient  for  Ag-Ce 
r».  prlearjr  electron  energy  end  potential 
V  p  m  3.15  ev. 
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Fig.  V-31.  Measured  reflection  coefficient  and  target 

current  for  Ag-Cs  target  re.  priaary  electron 
energy  and  potential  I.  near  aero  priaary 
energy.  0  -  l.kk  eV. 


Primary  Electron  Energy  -  volts 


Fig.  V-32.  Measured  reflection  coefficient  for  Ag-Ce 
re.  prlaary  electron  energy  and  potential 
1^.  P  -  l.V»  eV. 
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Fig.  4-33.  Measured  reflection  coefficient  and  target 
current  for  301  Stainless  Steel -Cs  vs. 
primary  electron  energy  and  potential  E^ 
near  tero  primary  energy,  p  ■  1.50  eV. 
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Figure  4-34  withdrawn 
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rig.  4-55.  H—  eured  reflection  coefficient  mad  target 
current  for  Newel -Ce  re.  prlaery  electron 
energy  end  potential  I.  near  eero  prlaery 
energy.  0  •  1.55  * 
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Fig.  4-36.  Measured  reflection  coefficient  for  Monel-Cs 
re.  primary  electron  energy  and  potential 
Kk.  P  -  1.55  eV. 
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Primary  Electron  Energy  -  volts 


Pig.  4-37.  Kto« iur*d  reflection  coefficient  end  target 
current  far  Znconel-Ce  target  re.  pr leery 
electron  energy  and  potential  £.  near  aero 
priaery  energy.  1-1.59  «V. 
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rig.  4-36.  Meaiured  reflection  coefficient  tor  Xeccnel-Cs 
re.  pr leery  electron  energy  end  potential  It. 
ft  -  1.59 
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Tig.  fc-39.  Itoeeured  reflection  coefficient  and  target 
current  for  Platlzrua  Black-Cs  target  vs. 
prlnary  electron  energy  and  potential 
near  eero  priaary  energy,  p  ■  1.76  eV. 
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Retarding  Potential  Eq  -  volts 

Fig.  V-4l.  Retarding  potential  plots  (hewing  relative 
currant  to  collector  C,  vs.  retarding  poten¬ 
tial  on  C^.  target  le  Cu-Ce  with  p  -  3.70  eV. 
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Fig.  k-kZ.  Retarding  potential  plote  (boring  relative 
current  to  collector  C,  vt .  retarding  poten¬ 
tial  on  C^.  Target  ie  Cu-Ce  with  f>  -  3. 70  eV. 


Relative  Retarding  Potential  -  volts 


Jig.  V-*3.  Retarding  potential  plots  shoving  relative 
current  to  collector  C,  vs.  retarding  poten¬ 
tial  on  C^.  Target  isxCu-Cs  with  f>  -  3.70  eV. 
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Relative  Retarding  Potential  -  volts 
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Fig.  4-44.  Retarding  potential  plot*  shoving  relative 
current  to  collector  C,  re.  retarding  poten¬ 
tial  on  Cr  Target  le^Cu-Ce  vlth  Q  -  1.6?  eV. 
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Relative  Retarding  Potential  -  volts 


Tig.  4-45 .  Retarding  potential  plots  showing  relative 
current  to  collector  C,  rs.  retarding  poten¬ 
tial  on  C^.  Target  is  Cu-C*  with  -  1.65  eV. 
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Retarding  potential  plots  shoving  relative 
current  to  collector  C,  vs.  retarding  poten¬ 
tial  on  C^.  Target  is^Cu-Cs  with  -  1.6?  eV. 
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CHAFFEE  FIVE 

THERMIONIC  DIODE  CURRENTS  IN  TRANSVERSE  MAOBETIC  FIELDS 
AND  SCATTERING  OF  ELECTRONS  BY  CESIUM  ATOMS 

The  transport  of  electrons  from  cathode  to  anode  of  a  thermionic 

diode  Is  impeded  by  the  presence  of  a  transverse  magnetic  field.  If  the 

electron  flov  is  In  a  vacuum  the  vell-kncwn  magnetron  effect  takes  place. 

In  a  gas  the  electron  diffusion  and  mobility  are  not  reduced  as  greatly 

by  the  transverse  magnetic  field  because  the  scattering  of  electrons  by 

gas  atoms  randomises  the  direction  of  electron  motion  with  each  collision. 

For  thermionic  power  converter  diodes  it  has  been  recognised 

that  the  magnetic  field  induced  by  the  diode  current  itself  can  be 

sufficient  to  seriously  reduce  cell  current  thus  producing  a  practical 

upper  limit  to  diode  current-carrying  capacity.  Schock1  has  made 

extensive  calculations  on  the  effects  of  self -induced  magnetic  fields 

2 

for  thermionic  diode  currents  in  a  vacuum.  Houston  has  made  a  few 
measurements  in  cesium  vapor.  More  extensive  and  precise  data  are  needed 
for  converter  design  calculations.  When  this  work  was  undertaken  it  also 
appeared  that  it  might  be  possible  to  obtain  information  about  the 
collision  frequency  and  elastic  scattering  cross  section  of  electrons  in 
neutral  cesium  since  on  the  basis  of  relations  derived  by  Langmuir^  and 

h 

Coblne  ,  the  measurement  of  cell  current  in  a  gas  should  give  a  measure 
of  the  mobility.  Our  results,  however,  show  that  although  the  calculated 
cross  sections  are  of  the  right  order  of  magnitude,  difficulties  most 
likely  associated  with  back  diffusion  of  electrons  to  the  emitter  prevent 
the  precise  determination  of  scattering  cross  sections.  Nonetheless  the 
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data  should  be  of  considerable  value  in  connection  with  converter  design 
since  the  combined  effects  of  electron  transport  and  back  diffusion  In 
a  transverse  magnetic  field  In  cesium  vapor  are  not  at  present  calculable 
from  first  principles. 

An  empirical  result  useful  for  converter  design  Is  obtained  as 

follows : 

Xo  .  .  4.8  x  10‘3  d1*7  B2 

“  - 772 - 

where  I  is  the  current  in  the  absence  of  the  magnetic  field,  I  with 
magnetic  field,  d  is  emitter -collector  spacing  In  inches,  B  Is  magnetic 
field  in  gauss  and  p  Is  Cs  pressure  in  ns  Hg. 

Cell  current  measurements  were  made  vlth  cells  of  two  different 
structures  as  shown  in  Figure  5-1.  Both  cells  utilised  a  0.005  inch  by 
0.080  inch  by  1  inch  tungsten  ribbon  filament  heated  directly  with 
halfwave  rectified  A.C.  power.  The  anode  in  one  case  consisted  of  plane 
parallel  copper  plates  vlth  cathode-anode  s pacings  of  0.020  inches.  The 
anode  in  the  other  case  was  a  0.500  inch  diameter  stainless  steel  cylinder 
which  thus  had  an  average  cathode-anode  spacing  of  0.225  Inches,  about 
an  order  of  magnitude  larger  them  the  first  cell.  The  tubes  were  mounted 
in  an  oven  Inside  a  solenoid  magnet  the  field  of  which  could  be  continually 
varied  up  to  about  350  gauss. 

The  circuit  shown  in  Figure  5-2  was  used  for  the  measurements. 
Cell  currents  were  determined  by  the  voltage  drop  across  a  known  resistance 
during  the  time  that  the  filament  voltage  was  sero,  using  a  calibrated 
oscilloscope.  To  reduce  the  scatter  of  the  data  associated  with  changes  in 
filament  emission  a  switch  was  used  that  simultaneously  closed  the 
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magnet  current  circuit  and  replaced  the  cell  load  resistance  by  an 
alternative  resistance  box.  Thus  the  load  resistance  when  the 
magnetic  field  was  present  could  be  increased  to  coape nsate  for  the 
reduced  cell  current.  In  this  way  the  cell  voltage  and  Internal  fields 
remained  constant.  A  Clare  Hg-vetted  relay  synchronously  opened  the 
anode  lead  during  the  filament  heating  pulse.  A  battery  was  added  to 
the  circuit  to  supply  positive  potentials  to  the  anode.  The  required 
cesium  vapor  pressure  was  established  by  immersing  a  side  tube  containing 
the  cesium  ampule  In  a  Sn-Fb  eutectic  bath  which  could  be  controlled  to 
within  about  1°C.  The  rest  of  the  envelope  was  heated  to  a  higher 
temperature  to  prevent  Cs  condensation.  The  communicating  apertures 
between  the  diode  and  the  tube  envelope  were  sufficient  that  estimates 
of  the  thermal  transpiration  effect  lead  to  the  conclusion  that  appreciable 
pressure  differences  do  not  exist  between  the  cathode-anode  region  and 
the  cesium  reservoir  over  most  of  the  region  of  interest. 

The  results  of  the  measurements  were  found  to  depend  upon 
filament  temperature  and  cell  potential  as  well  as  expected  dependence 
upon  cesium  pressure  and  magnetic  field  strength.  With  the  larger 
spacing  cell  the  results  with  lower  filament  temperatures  and  higher 
filament  temperatures  were  not  far  different  while  Intermediate  tempera¬ 
tures  gave  a  greater  reduction  In  cell  current  with  magnetic  field. 

Since  at  the  higher  temperature  used  one  would  expect  sufficient  ions 
to  be  formed  by  contact  ionization  at  the  cathode  to  neutralize  the 
electron  space  charge  and  since  the  space  charge  is  not  ns  severe  a 
problem  at  the  lowest  cathode  temperatures  where  electron  emission  is 
smaller,  the  higher  current  reductions  from  intermediate  temperatures 
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appear  to  be  associated  vlth  additional  space  charge  effects  associated 
with  the  reduced  electron  mobility  In  a  magnetic  field.  In  Figure  5-3 
are  plotted  some  of  the  results  for  the  larger  spacing  cell.  We  have 
plotted  data  only  for  the  higher  emitter  temperature  (2000°K)  where  the 
effects  of  space  charge  should  be  negligible.  It  should  be  remembered, 
however,  that  the  magnetic  field  greatly  decreases  the  electron  mobility 
without  a  comparable  decrease  In  the  cesium  ion  mobility.  The  ratio 
of  the  current  in  the  absence  of  the  magnetic  field  to  that  with  the 
magnetic  field  has  been  plotted  vs.  the  square  of  the  magnetic  field 
strength  for  three  cesium  reservoir  temperatures  and  two  cell  potentials. 
Note  that  the  current  reductions  are  somewhat  less  for  higher  anode 
potentials.  Included  Is  the  curve  for  the  cesium  reservoir  at  room 
temperature --where  electron-cesium  atom  scattering  is  negligible. 

Because  of  the  contact  potential  difference,  the  curve  obtained  with  a 
battery  potential  of  1.56  volts  probably  corresponds  to  approximately 
a  sero  field  condition  between  the  electrodes. 

Figure  5-4  shews  the  results  for  the  closer  spacing  cell.  All 

O 

of  the  IQ/l  vs.  B  curves  in  Figure  1/  are  linear,  except  the  one 
corresponding  to  T^  *  250°C  with  a  filament  temperature  of  609°K  and 
+8.8  volts  cell  potential.  Most  of  the  results  with  this  cell  ./ere 
independent  of  cell  potential  as  shewn  in  Figure  5-5  until  potentials  suf¬ 
ficient  to  cause  inelastic  scattering  and  perhaps  volume  ionization  are 
reached.  It  is  evident  that  there  is  considerable  variation  in  the 
slopes.  The  decrease  in  slope  with  increase  in  cesium  pressure  is  less 
than  might  be  expected  as  discussed  in  the  next  section. 
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In  the  low  magnetic  field  region  where  qualitative  comparison 
ie  possible  the  results  are  in  reasonable  agreement  with  those  of 
Houston^. 


The  calculations  of  Schockx  for  electron  transport  perpendicular 
to  the  magnetic  field  In  a  vacuum  grossly  overestimate  the  effect  of  the 
magnetic  field  when  cesium  vapor  is  present.  One  expects  the  electron 

transport  in  this  case  to  be  dominated  by  the  relations  for  the  mobility 
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and  diffusion  in  the  magnetic  field. 

p  ■  - A  a  .  D 


(iWT2) 


O 


(i) 


where  u  and  D  are  the  values  in  the  absence  of  the  magnetic  field, 
o  o  » 

cu  -  S  B  and  “f  is  the  period  between  collisions.  Equations  (1)  are 
strictly  valid  only  if  the  collision  frequency  is  independent  of 
electron  velocity  but  are  also  a  good  approximation  in  other  cases  for 
sufficiently  high  magnetic  fields. 

In  cases  where  there  is  no  space  charge  and  only  elastic 
collisions  Langmuir  found  that 

T  A  Vl/V0 

1  "  3  x  In  (1  +  V1/VQ) 

where  I  ^  is  the  saturation  current,  Ai.  the  electron  mfp,  x  is  plate 
separation,  is  cell  potential  and  VQ  is  the  Initial  electron  energy. 
Since  both  the  diffusion  constant  and  mobility  are  proportional  to  the 
mean  free  path  one  would  expect  in  this  case  that 


I 

T 


o 


1  + 


2-2 
<u  T 


(2) 


where  IQ,  uQ  are  the  values  without  and  I,  p  in  the  presence  of  a 


transverse  magnetic  field.  The  question  of  space  charge  limited  currents 

1. 

in  the  presence  of  a  scattering  medium  has  been  considered  by  Coblnc 

6 

and  in  greater  detail  by  Shockley  and  Prim  .  Where  initial  velocities 
can  be  neglected  they  obtain 
lm  ^pWV2 

8  x3  (3) 

for  the  plane  parallel  case  with  electrode  spacing  x,  a  result  analogous 
to  the  Langmuir-Child* a  Lav  for  the  vacuum  diode.  If  Equation  (3)  were  to 
apply  then  Equation  (2)  would  also  be  valid.  Equation  (3)  does  assume  that 
the  electron  mobility  is  independent  of  energy,  as  has  recently  been  pointed 
out  by  Forman  ^ who  derives  another  expression  valid  for  rare  gases  under 
certain  conditions. 

Our  measurements  shewn  in  Figures  5-3  and  5-4  are  approximately 

I  2 

consistent  with  a  relation  of  the  form  _o  »  1  +  K  B  as  expected  from 

I 

Equation  (2).  But  there  Is  some  scatter  in  the  data  and  some  departure 

I  2 

from  linearity.  Furthermore,  the  slope  K  of  the  curve  o  vs  B  ,  which 

—  2  1 

should  be  proportional  to  7  and  hence  to  - 5,  is  found  not  to 

pressure 

vary  in  the  proper  way  with  pressure.  There  is  also  a  dependence  on 
electrode  spacing.  The  most  likely  source  of  this  discrepancy  would 
appear  to  be  the  back  diffusion  of  electrons  from  the  plasma  to  the 
electrodes  which  might  reasonably  be  expected  to  depend  upon  pressure, 
magnetic  field  and  spacing.  While,  in  principle,  measurements  of  this 
sort  might  be  used  with  an  assumed  mobility  dependence  to  determine  the 
back  diffusion  contribution,  it  is  felt  that  the  results  are  not  suffi¬ 
ciently  precise  to  merit  this. 
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For  converter  operation  the  results,  of  course,  are  directly 
applicable.  Hie  results  in  Figures  5-3  and  5-k  should  give  reasonable 
estimates  within  perhaps  a  factor  of  2  of  the  magnitude  of  the  effect. 
For  other  spacings  and  pressures,  estimates  can  be  made  by  use  of  the 
emprical  result 


I 


•  U 


1.8  x  10*  5  d1'7  B2 

- T75 - 


where  d  is  the  emitter-collector  spacing  in  inches,  B  is  in  gauss  and 
p  is  the  pressure  in  ms  Hg.  The  reduction  in  cell  current  should  be 
diminished  somewhat  at  higher  ion  concentrations  because  of  the  larger 
scattering  cross  section  of  Cs+  compared  to  neutral  Cs. 

A  summary  of  the  available  data  on  electron  scattering  by  Cs 

Q 

atoms  is  shown  in  Figure  5-6.  The  solid  curve  shows  Brode's  data.  Hie 

q 

circles  show  the  results  as  originally  given  by  Boeckner  and  Mohler, 
but  in  a  later  paper  they  indicated  that  their  electron  density 

measurements  were  in  error  at  the  higher  pressures  and  the  squares  show 

10 

these  results  corrected  by  Phelps  using  the  results  given  by  Mohler ' s 
paper.  Steinberg's11  data  was  also  used  to  calculate  collision  frequencies 
and  his  values  at  the  two  lower  Cs  pressures  are  shown  here  although 
his  electron  densities  presumably  also  may  be  in  error.  It  should  be 
noted  that  the  data  of  Brode  need  not  necessarily  agree  with  that  of 
Mohler  since  Mohler' s  results  are  for  a  mobility  measurement  while  Brode's 
measurements  would  be  sensitive  to  very  small  angle  scattering.  One 
might  expect  Brode's  results  to  yield  a  larger  collision  frequency  than 
Mohler' s  contrary  to  Figure  5-6. 
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Fig.  5-1.  Photograph  of 
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Fig.  .5-3.  Iq/I  vs  (Magnetic  Field)  for  0,225  "  Spacing 
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CHAPTER  SIX 

THERMAL  CONDUCTIVITY  OF  CESIUM  AND  RUBIDIUM  VAPOR 

Recent  developments  in  thermionic  conversion  have  indicated 
that  a  favorable  regime  of  operation  is  one  of  high  cesium  pressure 
and  rather  small  emitter-collector  spacings.  High  converter  efficiencies 
have  been  demonstrated  for  pressures  around  1  mm  Hg.  and  spacings  around 
0.005".  Under  these  conditions  thermal  conduction  through  the  cesium 
vapor  may  be  a  significant  irreversible  energy  loss.  Very  little  data 
is  available  in  the  literature  concerning  the  transport  properties  of 
alkali  vapors,  so  that  the  work  described  here  should  be  useful  in  im¬ 
proving  the  estimates  of  thermionic  converter  efficiency. 

The  heat  transfer  by  thermal  conduction  was  determined  by 
measuring  the  additional  power  required  to  maintain  a  hot  ribbon  fila¬ 
ment  at  a  fixed  temperature  with  increasing  cesium  pressure.  The  fila¬ 
ment  was  a  2  mm  wide  tungsten  strip  and  the  collector  was  a  pair  of  nick¬ 
el  plates.  One  of  the  difficulties  encountered  with  this  type  of  cell 
was  the  effect  of  undetermined  conduction  losses  at  the  ends  of  the  fila¬ 
ment  into  the  supporting  structures .  This  problem  was  overcome  by  in¬ 
corporating  two  filaments  in  the  cell,  one  of  which  is  twice  the  length 
of  the  other.  A  photograph  of  this  cell  is  shown  in  Figure  6-1.  A  double 
width  collector  accommodates  both  filaments.  Both  filaments  have  ident¬ 
ical  ends,  so  that  for  the  same  temperatures,  the  end  losses  are  the 
same  for  both.  If  the  measured  power  increments  are  A  PT  and  A  POT 
for  the  filaments  of  length  L  and  2L  respectively,  and  the  cesium  thermal 
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conduction  losses  are  K.  and  2K.  respectively,  then 

Li  jL 

A  PL  *  Kl  +  end  losses 
Ap2l  =  2K ^  +  end  losses 

Since  the  end  losses  are  the  same,  the  difference  between  these  two 
expressions  is 

Ap2L- Apl»kl, 

thus  canceling  the  error  due  to  end  effects,  to  first  order. 

The  power  supply  for  the  filaments  consisted  of  six  volt  storage 
batteries  assisted  by  battery  chargers,  so  that  there  was  very  little 
problem  with  drifting  currents.  All  of  the  electrical  measurements  were 
made  to  four  place  accuracy  with  a  L^N  K-2  potentiometer.  The  measuring 
circuit  is  shown  in  Figure  6-2.  The  long  and  short  filaments  are  in¬ 
dicated  as  R-  and  R  ,  respectively.  The  potentiometer  leads  were  built 
1  2 

into  the  cell  and  put  directly  across  the  filaments,  eliminating  possible 
error  due  to  voltage  drops  in  the  supporting  structure.  For  any  given 
temperature,  the  shorter  filament  required  a  greater  current  than  the 
longer  filament  and  this  was  supplied  by  the  battery  in  the  auxiliary 
circuit .  By  this  means,  the  temperature  of  both  filaments  was  kept  the 
same  at  all  times .  The  heating  currents  were  measured  with  the  potentio¬ 
meter  as  the  voltages  across  the  standard  resistors  R_  and  R_  . 

S1  S2 

The  filament  temperature  measurements  were  made  by  calibrating 
the  resistance  of  each  filament  against  its  temperature  as  measured  with 
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an  optical  micropyrometer  before  cesium  was  admitted  to  the  tube.  All 
subsequent  temperature  determinations  were  made  with  these  calibrations. 

The  temperatures  of  the  filament  refer  to  that  measured  at  the  center  of 
each  through  the  small  holes  in  the  collector  plate.  However,  the  tempera¬ 
ture  was  not  uniform  along  the  filaments  because  of  end  effects.  In  order 
to  correct  this,  temperature  profiles  were  made  with  the  pyrometer  for 
both  filaments.  The  appropriate  average  temperature  was  then  used  in  all 
thermal  conductivity  calculations. 

A  set  of  thermocouple  leads  was  built  into  the  tube  and  the 
junction  welded  at  the  center  of  the  collector  plate,  so  that  its 
temperature  could  be  measured.  A  calibration  was  made  of  the  plate 
temperature  with  cathode  temperature  under  vacuum  conditions  and  at 
a  cesium  pressure  of  2  mm  Hg. 

The  cesium  reservoir  temperature  was  maintained  constant  to 
within  one  half  a  degree  by  immersion  in  a  liquid  metal  bath  of  lead-tin 
eutectic. 

A  set  of  filament  power  measurements  vs  filament  temperature 

for  a  spacing  of  0.005 "  was  made  for  cesium  reservoir  temperatures  of 

28°C,  226. 5°C,  250°C,  280°C  and  306.5°C.  The  most  reliable  data  was  in 

o  ,  o 

the  filament  temperature  range  from  1500  K  to  1600  K,  and  this  is  plotted 
on  an  expanded  scale  in  Figure  6-3-  The  thermal  conductance  was  computed 
for  each  pressure  at  13O0°K,  l400°K,  1500°K  and  l600°K,  and  an  average 
value  over  this  range  for  each  pressure  was  obtained.  A  similar  set  of 
measurements  for  a  gap  spacing  of  0.010"  was  also  made.  The  thermal 
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conductance  determined  in  this  way  is  independent  of  pressure  said  varies 
inversely  with  spacing  at  high  pressures,  as  expected  from  kinetic  theory. 

The  accuracy  of  the  measured  variation  of  thermal  conductance 
with  filament  temperature  may  be  doubtful,  but  a  regular  variation  was 
observed  and  this  is  presented  here.  The  thermal  conductance  vs  pres¬ 
sure  for  the  0.005"  spacing  as  measured  at  five  filament  temperatures  is 
plotted  in  Figure  6-4. 

The  result  of  the  most  simplified  calculation  of  the  thermal 
conductivity  of  a  gas^  is 


X  =  4  v  1  n  C 
3  -  v 


£  Vm  KT  fv 


^  no2 


(1) 


in  which 


-  .SkT,1/2 

v  3  iZT ”)  >  nean  velocity 

m« 


1  =  mean  free  path 

Cy  =  heat  capacity  at  constant  volume 
a  =  molecular  diameter 

£  *  numerical  constant,  dependent  upon  rate  of  collisions. 

It  is  taken  here  as  25/32. 

For  a  monatomic  gas,  using  the  model  in  which  the  atom  is  considered  a 
rigid  sphere. 


8.34  x  lO**1  watts/cm-°K, 


(2) 
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where  M  Is  the  molecular  weight  of  the  gas  and  o  Is  expressed  in 
angstroms . 

The  hard  sphere  model  is  a  useful  approximation  but  a  more 
realistic  description  of  the  molecular  potential  is  required  for  more 
refined  results.  A  commonly  used  one  is  the  lennard-Jones  potential, 
whose  form  is 


0  (r)  =  he 


(3) 


The  significance  of  the  constants  is  that  a  is  the  distance  of  closest 
approach  of  two  collid:'  -g  molecules  of  zero  kinetic  energy,  and  e  is 
the  maximum  energy  of  attraction  of  the  two  molecules.  The  methods  for 
carrying  out  the  calculations  of  the  transport  properties  are  very  in¬ 
volved,  and  are  discussed  in  some  detail  in  Reference  1. 

The  expression  for  thermal  conductivity,  to  a  first  approximation, 
based  upon  an  arbitrary  potential  is  very  similar  to  that  for  hard  spheres, 
with  the  additional  involvement  of  a  parameter  known  as  the  collision 
integral, 

Q(2,2)  (T)  =  J  /7  q(2)  (v)  q  (4) 

in  which  f  =  \  fjr 

v  =  relative  velocity  of  two  colliding  atoms 

(2) 

Q'  '  (v)  =  collision  cross  section  between  two  atoms  of  relative 


velocity  v. 
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For  rigid  spheres, 

J2>  -  £  *0* 

>ig.  sph.  3 

,  (2,2)  /  2kT  2 

Wrig.  sph.  »  Y® 

The  formulas  are  more  conveniently  expressed  in  terms  of  the 
reduced  quantities 

T*  =£2 
e 

and 

(2,2)*  _ 

"  \V2,2) 

‘‘rig.  sph. 

The  collision  integral  ratio  is  then  a  measure  of  the  departure  from 
the  rigid  sphere  model.  A  table  of  values  of  (  )  is  presented  in 

Reference  1,  (p.  1126),  for  the  lennard-Jones  potential.  The  variation 
of  Q(2,2>* 

is  as  (T*)"1/2.  The  thermal  conductivity  in  terms  of  the 
collision  integral  is 


X. 


8.34  x  10'4 


Vt/m _ 

r,<2'2)V)  a2 


watts/cm-°K 


(5) 


Methods  of  calculating  the  Interaction  potential,  e,  are  discussed  in 
Reference  1,  p.  245,  for  the  Lennard-Jones  potential.  The  result  is 
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or 


«/k 

«/k 

e/k 


1.15 


1-92 


0.77 


^Boiling  Point’ 
^Melting  Point 
TCritical 


The  interaction  energy  constant  for  cesium  from  the  boiling 
point  temperature  is 


and 


e/k  =  1108°K 


T* 


T 

1108°K 


Estimates  of  a  may  be  made  from  measurements  of  the  atomic 
volume  in  the  solid  phase,  and  a  value  of  5.40  X  is  obtained  for  cesium. ^ 
It  may  be  expected,  however,  that  such  a  determination  of  the  atomic  dia¬ 
meter  in  the  gas  phase  will  not  be  very  accurate.  The  product  of  thermal 
conductivity  times  from  Equation  (5)  is  platted  vs  T  in  Figure  6-5 

for  cesium.  A  best  fit  to  the  experimental  data  is  obtained  by  choosing 
o 

a  =  9.17  A.  Using  this  value  of  a,  the  theoretical  thermal  conductivity 
is  compared  in  Figure  6-6  with  the  experimental  values  obtained  over  a 
range  of  temperature  from  9^5°K  to  ll88°K.  The  experimental  variation  of 
thermal  conductivity  appears  to  be  greater  than  the  variation  expected 
from  theory,  but  it  may  be  that  the  accuracy  of  the  measurements  is  not 
good  enough  to  warrant  this  conclusion. 

The  mechanisms  governing  thermal  conduction  in  a  gas  at  low 
pressure  are  different  than  those  at  high  pressure.  If  the  distance  be¬ 
tween  the  hot  boundary  and  the  cold  boundary  is  less  than  the  mean  free 
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path  of  the  gas  atoms,  then  the  atoms  make  almost  no  collisions  with 
each  other  in  crossing  the  space.  In  this  case,  all  of  the  energy 
picked  up  by  an  atom  at  the  hot  surface  is  deposited  on  the  cold  sur¬ 
face,  provided  the  accommodation  coefficients  are  unity.  Since  no  col¬ 
lisions  occur  in  the  space,  the  transport  of  energy  will  be  independent 
of  the  spacing,  but  will  be  proportional  to  the  number  of  atoms  filling 
the  space,  and  to  their  velocity.  It  is  easily  shown  from  kinetic  theory^ 
that  the  thermal  conductance  at  low  pressure,  for  plane  parallel  geometry, 
is 

\  =  a  K  p 

in  which  K  depends  only  upon  the  gas  temperature  and  atomic  velocity,  and 
a  is  the  accommodation  coefficient.  Using  an  accommodation  coefficient 
of  unity,  and  assuming  a  cosine  law  of  evaporation  from  the  surfaces,  a 
value  of  K  =  2.7  x  10~^  watts/cm2-°K-nm  Hg  is  calculated  for  cesium. 

The  mean  free  path  of  a  gas  is  given  by* 

1  =  —  ■  -  5-05  x  10  °  (|)  cm 

JP«» 

For  a  gas  temperature  of  1100°K,  a  mean  free  path  of  0.005"  is  calculated 
to  occur  at  a  pressure  of  0.28  mm  Hg.  using  the  atomic  diameter  of  9-17  X, 
obtained  from  the  high  pressure  conductivity.  This  is  in  good  agreement 
with  the  experimental  results,  where  the  high  pressure  behavior  begins  at 
about  0.5  mm  Hg.  The  knee  of  the  conductance  curve  as  the  high  pressure 
value  is  reached  is,  however,  much  sharper  than  expected. 


•See  Ref.  1,  p.  10. 
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The  slope  of  the  measured  conductance  curve  In  the  low  pressure 

region  is  1-52  x  10*^  — g— -  ,  vhich  is  5 6  percent  of  the  theo- 

cm  -°K-n*n  Hg 

retical  value.  This  difference  can  be  explained  by  an  accommodation  co¬ 
efficient  which  is  less  than  unity.  If  the  accomodation  coefficient  of 
both  surfaces  were  the  same,  then  from  the  formula  for  the  effective  ac- 
consnodation  coefficient,  a,  of  a  pair  of  plane  parallel  surfaces  whose 
coefficients  are  and  at,, 

aia2 

“  *  Q1  +  a2  ‘  “l  “2  * 

the  experimental  results  correspond  to  a  surface  accommodation  coefficient 
of  0-72.  On  the  other  hand,  if  the  cold  surface,  which  is  heavily  coated 
with  cesium,  is  assumed  to  have  a  coefficient  of  unity,  then  the  surface 
accommodation  coefficient  of  the  hot  surface  would  be  O.56,  which  seems 
rather  low.  Since  there  is  no  available  data  in  this  area,  it  is  not 
possible  to  resolve  this  uncertainty  here. 

The  large  value  of  the  scattering  cross  section  obtained  from 
the  cesium  thermal  conductivity  measurements  suggested  that  the  theory 
upon  which  this  evaluation  is  based,  might  not  be  valid  in  the  region  of 
interest.  A  similar  series  of  measurements  was  completed  for  rubidium 
vapor,  which  permits  an  independent  comparison  with  the  theory.  The  atomic 
structure  and  physical  properties  of  rubidium  and  cesium  are  very  similar. 
The  transport  properties  of  these  two  vapors  would  be  expected  to  differ 
to  the  extent  of  the  differences  in  their  atomic  mass  and  atom-atom  inter¬ 
action.  The  measurement  techniques  are  very  similar,  since  their  vapor 
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pressure  curves  differ  by  only  about  15°C.  The  two  vapor  pressure 
curves  are  shown  in  Figure  6-7. 

The  experimental  methods  and  apparatus  were  the  same  as  used 
for  the  cesium  measurements.  A  0.005"  spacing  was  maintained  between 
the  tungsten  filaments  and  the  collector  plates.  Measurements  of  fila¬ 
ment  power  vs  filament  temperature  were  made  for  rubidium  pressures  of 
0.2,  0.3,  0.42,  1.0,  2.2  and  3*2  mn  Hg.  Data  was  taken  in  the  range  of 
filament  temperature  from  1200°K  to  l600°K.  The  resulting  power  curves 
for  the  long  filament  and  the  short  filament  are  shown  in  Figure  6-8 
and  Figure  6-9.  The  thermal  conductance  was  computed  for  each  pressure 
at  filament  temperatures  of  1200°K,  1300°K,  l400°K  and  1500°K,  and  the 
results  are  shown  plotted  in  Figure  6-10.  The  knee  in  the  curve,  between 
the  high  and  low  pressure  behavior,  occurs  at  very  nearly  the  same  pres¬ 
sure  for  rubidium  as  for  cesium.  The  high  pressure  value  for  rubidium 
is  8.6  x  10 watt8/cm^-°K,  as  compared  to  1.36  x  lo"^  watts/cm^-°K  for 
cesium.  A  small  dependence  on  filament  temperature  was  observed  and  is 
indicated  by  the  individual  points.  The  thermal  conductivity  of  rubidium 
is  shewn  in  Figure  6-11. There  is  no  significant  change  with  temperature 
in  the  region  between  940°K  and  1120°K.  This  is  in  distinction  to  the 
variation  observed  for  cesium,  which  is  also  shown  in  Figure  6-11. 

The  atomic  diameter,  a,  can  be  estimated  as  for  cesium.  If 
c/k  is  evaluated  as  e/k  »  1.15  Tailing  the  value  calculated  for 

o  is  12.7  X.  However,  the  value  for  the  dissociation  energy  of  rubidium, 
obtained  from  optical  data,  is  e  -  0.49  electron  volts.  This  gives  a 
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value  of  a  »  8.82  8.  From  X-ray  measurement  of  the  atomic  volume  In 
the  solid  state,  a  «  5*02  8.  The  following  table  gives  the  corresponding 
values  for  cesium. 


Table  1 

Atomic  Diameter 


e/k  from  T_ 

B 

e  from  V 
d 

from  atomic  volume 

Cs 

9-17  8 

7-05  X 

5-U  8 

Hb 

12.7  8 

8.82  8 

5.02 

This  analysis  of  the  thermal  conductivity  measurements  yields  a  larger  value 
for  the  atomic  diameter  of  rubidium  than  for  cesium,  which  is  an  unexpected 
result.  This  suggests  that  the  Lennard-Jones  interaction  potential  may 
be  seriously  deficient  as  applied  to  the  transport  properties  of  the 
alkali  vapors. 
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Fig.  6-7.  Vapor  Pressure  of  Cesium  and  Rubidium 
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CHAPTER  SEVEN 

THEORETICAL  EFFICIENCY  OF  A  THERMIONIC  ENERGY  CONVERTER 

As  early  as  1953.  the  possibility  of  using  thermionic  emission 
as  a  means  of  converting  thermal  energy  directly  into  electrical  energy 
was  discussed. ^  Since  that  time,  a  number  of  papers  have  appeared  in 
the  literature  describing  the  operation  of  devices  utilizing  this  means 
of  energy  conversion. ^  These  papers  have  used  the  efficiency  of  the 
device  as  a  criterion  of  comparison  with  other  energy  converters.  While 
many  of  the  authors  have  described  the  effects  of  varying  some  of  the 
many  parameters  governing  the  operation  of  a  thermionic  converter,  none 
have  considered  all  of  the  effects  simultaneously.  Certain  important 
effects,  such  as  back,  current  and  varying  load  resistance,  have  not  been 
analyzed  carefully,  if  at  all.  In  this  work,  an  attempt  is  made  to 
maximize  efficiency  by  simultaneously  optimizing  ceslvsn  pressure  (inclu¬ 
ding  the  effects  on  work  function),  anode  temperature ,  load  resistance 
and  lead  resistance.  The  effects  of  varying  cathode  temperature  and 
anode -to -cathode  spacing  are  also  included.  It  is  the  purpose  of  this 
work  to  construct  a  model  predicting  the  behavior  of  a  thermionic  con¬ 
verter  for  the  use  of  designers  or  experimenters.  Results  of  mmterical 
computation  of  efficiency  are  also  presented. 

While  many  properties  are  of  importance  in  the  operation  of  a 
thermionic  converter,  once  the  materials  for  construction  of  cathode  and 
anode  have  been  chosen,  only  a  few  independent  parameters  remain.  The 
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geometrical  configuration,  the  electrode  temperatures,  the  means  of  space 
charge  neutralization,  and  the  resistances  of  the  lead  and  load  are  the 
only  variables  which  can  be  adjusted.  The  most  cannon  means  of  space 
charge  neutralization  is  the  use  of  a  cesium  atmosphere  in  the  inter- 
electrode  gap.  Most  of  the  experimental  cells  and  almost  all  of  the 
converter  designs  use  geometry  which  is  equivalent  to  plane  parallel 
electrodes.  Since  the  lead  and  load  resistances  can  be  simultaneously 
optimized  to  yield  maximum  efficiency,  the  four  independent  variables 
in  a  conventionally  designed  thermionic  converter  are  the  cathode  and 
anode  temperatures,  the  cesium  pressure,  and  the  Interelectrode  spacing. 

A  later  section  will  show  that  the  anode  temperature  sued  cesium  pressure 
can  also  be  simultaneously  optimized.  Thus,  once  the  basic  design  of  a 
converter  has  been  made,  the  choice  of  materials,  spacing,  and  cathode 
temperature  will  fix  all  other  parameters,  if  maximum  efficiency  is 
sought. 

Description  of  the  Operation  of  a  Thermionic  Diode 

In  this  section,  a  mathematical  model  describing  the  behavior 
of  a  thermionic  diode  will  be  set  up  and  used  to  evaluate  the  efficiency 
of  such  a  device.  For  the  sake  of  mathematical  convenience,  the  operation 
will  be  expressed  in  terms  of  variables  which  are  not  all  Independent. 

(For  example,  thermal  emissivlty  is  a  function  of  surface  temperature.) 
This  will  not  affect  the  derivations  described  below.  Before  numerical 
calculations  can  be  performed,  however,  the  actual  interrelationships 
among  the  physical  parameters  must  be  taken  into  account.  A  description 
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of  the  nanner  in  which  this  will  he  done  will  be  deferred  until  the 
analysis  of  the  operation  of  the  thermionic  diode  has  been  presented. 

Description  of  Model  Used 

Stripped  of  the  numerous  parts  necessary  in  its  construction, 

the  thermionic  diode  can  be  basically  represented  by  the  schematic  of 

Figure  7-l<  A  cathode  surface  in  contact  with  a  heat  reservoir  at  an 

absolute  temperature  T  thermally  emits  electrons  across  a  gap  to  an 
c 

anode  in  contact  with  a  heat  reservoir  at  a  temperature  t  .  the 
electrons  are  returned  from  the  anode  to  the  cathode  through  an 
external  load. 

In  practice,  certain  effects  take  place  which  tend  to  prevent 

the  flow  of  a  reasonable  current.  The  most  serious  of  these  is  the 

formation  of  a  space  chair ge  in  the  space  between  the  cathode  and  anode. 

This  space  charge  forms  a  potential  barrier  for  the  electrons  leaving 

the  cathode  and  can  reduce  the  number  of  electrons  reaching  the  anode 

(and  therefore  the  current  through  the  load)  by  many  orders  of  magnitude. 

Two  different  methods  are  presently  in  use  to  overcome  the  problem  of 

space  charge.  The  simplest  of  the  two,  in  theory,  is  the  method  of 

(4) 

close  spacing.  It  is  known'  that  the  reduction  of  current  flow  by 
space  charge  is  very  sensitive  to  the  distance  between  the  cathode  and 
anode.  For  separations  of  0.0002  in.  or  less,  the  detrimental  effects 
of  space  charge  can  be  made  almost  negligible .  ^ )  The  second  common 
method  of  reducing  or  eliminating  space  charge  is  by  the  use  of  a 
positively  ionised  vapor  (usually  cesium)  in  the  gap  between  the  anode 


7.4 


and  cathode.  The  electrostatic  potential  set  up  by  the  lone  will  then 
counteract  the  retarding  potential  of  the  electronic  space  charge  and 
pemit  an  increased  flow  of  electron  current. 

The  introduction  of  the  plasma  results  in  a  loss  of  energy 
available  to  the  load  by  conducting  heat  from  the  cathode  to  the  anode 
and  by  scattering  electrons  in  the  region  between  the  cathode  and  the 
anode.  In  addition,  the  plasma  may  modify  the  values  of  the  chemical 
potential  of  both  the  anode  and  cathode. 

In  this  paper,  it  will  be  asstned  that  the  space  charge  in  the 
region  between  the  anode  and  cathode  has  been  eliminated  by  using  a 
plasma.  It  will  be  assumed  that  the  sole  effect  of  the  plasma  on  the 
behavior  of  the  diode  is  to  Introduce  a  "plasma  electrical  resistance," 

Rp,  and  a  "plasma  thermal  conductance,"  K^.  Die  former  will  contribute 
to  an  internal  voltage  drop  inside  the  diode,  and  the  latter  to  a 
thermal  conduction  of  energy  across  the  cathode -anode  gap.  Also,  only 
the  case  of  plane  parallel  plates  one  square  centimeter  in  area*  will 
be  considered. 

let  S  and  8  be  the  work  functions  of  the  cathode  and  anode 
c  a 

respectively.  (When  similar  quantities  are  defined  for  both  the  cathode 
and  anode,  a  subscript  "c"  will  refer  to  the  former  and  "a"  to  the 
latter.)  The  potential  seen  by  an  electron  in  going  from  the  cathode  to 
the  anode  will  then  be  represented  by  one  of  three  possible  cases  depicted 

#In  this  regard,  it  must  be  remembered  that  the  value  of  resistance  must 
correspond  to  electrodes  of  unit  area,  and  that  net  current  densities 
calculated  will  be  numerically  equal  to  currents. 
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by  Figure  7-2.  The  mode  of  operation  will  be  classed  &b  uphill  if 

V>  3  -  5  (Figure  7 -2a),  downhill  if  V<  S  -  5  (Figure  2b),  and 

flat  if  V  -  9  -  3  (Figure  2c). 

c  a 

The  saturation  emission  current  densities  will  be  denoted  by 

J  and  J  .  By  Richardson's  equation 
cs  as  ' 

Jca  *  ATc2exp  ( -•c/KTc)  (1) 


Jas  ‘  ATa2exp  (VV 


(2) 


-p  -2 

where  A  is  Richardson's  constant,  equal  to  120  aznp  cm  deg  K  ;  and, 
if  k  is  Boltzmann's  constant,  and  e  the  electronic  charge,  K  »  k/e  * 
8.616  x  10 volts  deg  K*1.  In  the  flat  mode,  the  net  current  density, 
J,  from  the  cathode  to  the  anode  is  simply  the  net  saturation  current 
density, 


J 


cs 


as 


(3) 


In  general,  this  is  not  true,  and  the  net  current  must  be  written 


J  «  J  -  J 
c  a 


(M 


where  in  the  uphill  mode 


J  -  J  exp  -(V  -  3  +  a J/KT 
c  cs  I  c  a  c 


(5) 
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and  In  the  downhill  mode 

Jc  “  Jc. 

Ja  ‘  Jas  «®[-  (*e  -  v  -  (6) 

The  heat  input  to  the  cathode  and  power  output  to  the  load 
must  be  known  in  order  to  calculate  the  efficiency  of  operation  of  a 
thermionic  generator.  The  power  output  is  simply  the  load  voltage 
times  the  current,  where  the  load  voltage  is  equal  to  the  emf ,  V, 
generated  by  the  diode  minus  the  voltage  drops  due  to  plasma  resis¬ 
tance  (Rp)  and  lead  resistance  (R^). 

Pout  -  J(V  *  J  +  V )  (7) 

By  the  first  law  of  thermodynamics,  the  total  heat  input  to 
the  cathode  is  equal  to  the  total  energy  leaving  the  cathode.  The  latter 
can  be  expressed  as  the  sun  of  several  terms: 

1)  Heat  radiated  from  cathode  to  anode,  W. 

2)  Support  and  end  losses,  X. 

3)  Heat  absorbed  by  electrons  leaving  the  cathode  and 
reaching  the  anode,  H  . 

h)  Heat  conducted  from  cathode  to  anode  by  lead  wires  and 
plasma,  H*. 

3)  Beat  returned  to  the  cathode  by  electrons  arriving  from 
the  anode,  H& • 

6)  Heat  returned  to  cathode  from  the  Joule  heating  of  lead 


wires  and  plasma,  Hj. 
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The  first  four  effects  carry  heat  away  from  the  cathode  while  the  last 
two  bring  heat  to  the  cathode.*  The  total  heat  input,  H^,  to  the 
cathode  can  be  evaluated. 

H<„  “  w  +  +  H  -  H  -  ht  +  X  (8) 

in  c  a  J 

The  individual  terms  are  readily  calculable.  The  thermal  radiation  term 
W  is  given  by  the  Stefan -Boltzmann  law** 

V  -  oF  (Tc4  -  Tft4)  (9) 

where,  if  ec  and  «a  are  the  total  emissivities  of  a  parallel  cathode 
and  anode,  the  view  function  F  is^ 

F  -  (6C'1  +fa_1  -  l)*1  (W) 

and  a  is  the  Stefan -Boltzmann  constant  (5-67  x  10  12  watts  cm-2  deg 
K  )  •  Bxe  heat  carried  by  thermal  conduction  away  from  the  cathode  is 

os +  (tc  -  v  (u) 

where  and  are  the  thermal  conductances  of  the  plasma  and  the  leads 
respectively.  It  will  be  assumed  that  the  Joule  heat  returned  to  the 
cathode  is  simply  one -half  the  total  Joule  heat  produced  in  the  leads 
and  in  the  plasma.***  Thus 

Minor  losses  due  to  thermoelectric  effects  and  the  energy  required 
to  ionize  the  plasma  will  be  Ignored. 

It  is  here  assumed  that  both  the  anode  and  the  cathode  are  gray  bodies. 
This  result  is  obtained  rigorously  in  reference  2d. 


Hj  -  (1/2)  (Rl  +  Rp)  J2 
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(12) 

In  order  to  compute  and  H&,  the  mode  of  operation  must  be  considered. 
Prom  Figure  7-2,  it  is  seen  that  in  the  downhill  mode  an  electron  leaving 
the  cathode  must  have  absorbed  an  amount  of  heat  at  least  equal  to 
Similarly,  an  electron  arriving  at  the  cathode  from  the  anode  must  also 
have  absorbed  at  least  that  amount  of  heat.  For  the  uphill  mode,  this 
minimum  amount  of  absorbed  heat  is  V  +  Define 

5  -  Max  (8c,  §a  +  V)  (13) 

Hie  value  of  a  is  thus  the  minimum  heat  absorbed  by  an  electron  traversing 
the  diode  in  any  mode.  In  addition  to  thiB  minimum  heat  B,  there  is  some 
kinetic  energy  which  the  electron  may  possess.  If  the  electrons  immedi¬ 
ately  outside  the  cathode  or  anode  have  a  Maxwellian  distribution 
characteristic  of  the  temperature  of  the  surface  which  they  have  left, 
it  can  be  shown  that,  on  the  average,  this  additional  kinetic  energy 
will  be  2KT  where  T  is  the  temperature  of  the  emitting  surface.  Thus 

Ho  -  Jc  (8  +  2KTc)  (14) 

and 

Ha  “  Ja  («  +  2KTa)  (15) 

lhe  efficiency,  defined  as  the  ratio  of  output  power  to  beat  in,  is  then 
given  by 


7.9 


[?  -  >  <«L 


*  Vl 


Vf  +  Jc(a+2KTC)  +  (KL+y^e'V  -  Ja(«+aK3^)  -  J^Rj+RpJ/a  +  X 


(16) 


In  practice,  the  load  reeletance,  is  a  quantity  which 

can  he  varied  at  will.  However,  mathematically  the  internal  voltage 


V  -  J(«L  +  «p  +  W 


(17) 


Is  much  more  convenient  to  use.  Therefore,  In  lieu  of  R^,  R^  and  R^^ 
being  considered  as  three  Independent  variables,  R  ,  and  V  will  be 
used,  the  transformation  being  non-singular.  It  must  be  kept  in  mind, 
therefore,  in  the  following  analysis  that,  if,  for  example,  a  variation 
of  R^  at  constant  V  is  considered,  a  variation  in  R^  and/or  RJj0ad  is 
necessary.  The  value  of  the  variable  V  is  not  completely  optional. 
There  are  limits  on  V,  and  values  outside  of  these  limits  are  not 
physically  obtainable.  It  is  only  the  load  resistance  which  can  be 
physically  varied  from  aero  to  infinity,  short  and  open  circuit 
respectively.  Each  case  yields  an  equation  which  stay  be  solved  for 
the  internal  voltage.  The  minimum  value  for  V,  Vqc,  is  obtained  from 
the  short  circuit  equation 


J  (Rl  +  R  )  at  V  ■  V 


sc 


(IB) 


Equation  (18)  is  transcendental  and  cannot  be  solved  analytically.  The 
open  circuit  voltage  V  is  determined  by  the  condition 

J  -  0  at  V  - 


(19) 
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An  analytic  solution  to  (19)  for  can  be  obtained  from  (4),  (5)  and 

(6) 

Voc  -  *c  -  aa  +  ™  *  (Jcs/Jas>  (»> 


T  If  J  >  J.  ,  and  T  «  T  if  J  >J  . 
c  cs  as'  a  as  cs 


B.  Optimization  of  Lead  Resistance 

The  efficiency  (16)  can  be  optimized  with  respect  to  the  lead 
resistance  at  fixed  V  as  follows: 

If  Ac>  L,  p,  and  K  are  respectively  the  cross-sectional  area, 
length,  electrical  resistivity,  and  thermal  conductivity  of  the  leads 


Rl"  ^Ac 

(21) 

KA(/L 

(22) 

By  the  Wiedemann -Franz  law  p  and  t^of  a  metallic  conductor  at  a  tempera¬ 
ture  Tq  are  related  by  the  equation 

p  “  Kfjn  ,  \  m  2.44  x  10 "®  watt-obm-deg  K"2  (23) 

If  T  is  assumed  to  be  the  average  of  T  and  T 


-  (x/2  Rl)  (Ta  +  Tg) 


(24) 
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Thus  can  be  replaced  In  (16)  by  its  value  in  terns  of  R^ 
from  (24)  and  obtain  an  expression  which  can  be  reduced  to 


^o 


(25) 


where  Tj Q  Is  the  efficiency  of  an  identical  diode  with  ideal  leads  (i.e., 

*lm0>  hm  0 


_ J  [V  •  ■TCp] _ 

VffJc(a+2KTc)  -  Ja(a+2KTa)  +  Kp(Tc-Ta)  -  J2^  +  X 


(26) 


and 


e 

G 

y 


(l-y)  |l  -  ^  (7  -  gi)| 

(V.JRp)2  {T*  -  Ta2)]  _1 

JRL 
V  -  JRp 


From  (17)  therefore 
Rt 

y 


.oad 


(27) 

(28) 

(29) 


(30) 


Thus  physically  the  parameter  y  is  the  fraction  of  the  external  emf  of 
the  diode  which  appears  across  the  leads;  or  equivalently,  it  is  the  ratio 
of  the  lead  resistance  to  the  total  external  resistance .  Its  range  there¬ 


fore  is  from  0  to  1. 
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Die  efficiency  can  then,  in  principle,  be  maxi  ml  zed  with  respect 
to  the  lead  resistance  R^.  Using  the  representation  of  (25)  and  noting 
that  enters  only  through  the  dimensionless  parameter  y  ,  it  is  found 
that  the  efficiency  optimized  with  respect  to  R,  is  (quantities  evalua¬ 
ted  at  that  value  of  giving  maximum  efficiency  will  be  denoted  with 
an  overhead  bar) 


v 

(3D 

-v/l  +  B  +  1  -Y] 

(32) 

\  «  [(V  -  JRp)/j]  [(V  1  +  B  -  1)/b] 

(33) 

y  -  '  JRP} 

(34) 

b  ■  g(2  Vo)  rj0 

(35) 

Afi  the  value  of  B  ranges  from  zero  •■■■>  infinity,  the  value  of 
y  will  range  from  l/2  to  zero.  Thus  under  no  conditions  will  more  than 
half  the  external  emf  appear  across  the  leads  when  they  are  optimized. 

Obviously,  0  <1.  Die  quantity  0  is  the  fraction  to  which  the 
efficiency  of  the  ideal  diode  with  ideal  leads  (zero  electrical  resistance 
and  zero  thermal  conductivity)  has  been  reduced  when  the  physical  leads 
have  been  optimized.  Considered  as  a  function  of  ^  alone  (V,  Tq,  Tft 
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fixed) ,  0  can  be  shown  to  be  monotonlcally  decreasing.  Thus  the  tendency 
of  the  leads  to  decrease  the  efficiency  is  greater  for  an  ideal  diode 
with  a  large  efficiency.  This  can  be  explained  qualitatively  from  the 
fact  that  the  higher  efficiency  diodes  have  in  general  the  larger 
electric  currents  and  that  the  larger  the  current,  the  larger  the  voltage 
drop  in  the  leads.  However,  is  still  a  monotonlcally  increasing  func¬ 
tion  of  Yj  . 

If  non-optimum  leads  are  used,  a  decrease  in  efficiency  will 
result.  This  effect  will  be  considered  for  the  most  pessimistic  case 
by  adjusting  the  parameters  so  that  p  is  as  small  as  possible.  This 
can  be  done  by  making  G  as  small  as  possible.  For  the  values  ■  0°K, 

Tc  *  3000°K,  and  V  -  JR  *  1  volt,  G  is  equal  to  4.55.  Figure  7-3  shows 
the  results  of  calculations  of  0  as  a  function  of  f|  q  and  y  .  Also 
shown  in  that  figure  is  the  locus  of  the  maximum  of  the  curves,  p. 

Several  features  of  these  curves  are  of  interest.  A*  a  critical  value 
-l/2 

of  y  equal  to  G  '  (0.47  111  this  case),  the  curves  for  different  values 

of  yj  Q  intersect.  For  y  greater  than  this  critical  value,  0  is  a  mono¬ 
tonlcally  decreasing  function  of  V)o,  but  very  weakly  dependent  upon  Tj  . 
For  y  less  than  this  critical  value,  0  is  a  strong  monotonlcally 
increasing  function  of  Y\  . 

Curves  of  y,  yj,  and  0  as  functions  of  V)  are  presented  in 

Figure  7-4  for  the  values  of  T  ,  T  and  V  used  above. 

c  a 


Empirical  Evaluation  of  Parameters 


In  order  to  be  able  to  calculate  the  quantities  discussed,  it 
is  necessary  to  know  the  values  of  many  parameters  such  as  work  functions 
and  emissivlties .  In  reality,  quantities  such  as  these  are  not  indepen¬ 
dent,  but  depend  on  the  pressure  of  cesium  and  the  temperatures  of  the 
electrodes.  This  section  is  devoted  to  describing  the  relation  which 
exists  among  these  quantities. 

The  relationship  of  effective  work  function  to  cesium  pressure 
and  sin-face  temperature  has  not  been  well  determined.  The  pioneering 
work  of  Iangmuir' 1 '  provided  the  basis  for  the  present  empiri.al  equation. 
While  no  theoretical  justification  of  the  equation  can  be  giver,  the 
results  are  in  close  agreement,  with  the  original  data  and  with  the  extra¬ 
polations  of  other  investigators^ 

The  effective  work  function  of  cesium -coated  tungsten  was 

assumed  to  be  a  function  of  only  the  fractional  coverage,  ©.  The  data 
(7) 

of  Iangmuir  and  Thy  lor'1'  are  plotted  in  Figure  7-5.  The  empirical 
equation 

9  -  4.52  -  8.59  e  +  6.3  e2,  9  <  .86 

(36) 

«  -  1.81  ,  0  >  .86 

was  fitted  to  this  data.  The  results  of  this  equation  are  also  plotted 
in  Figure  7*5 • 

The  estimation  of  the  fractional  coverage  as  a  function  of 
cesium  pressure  and  surface  temperature  was  also  made  by  the  use  of  a 
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set  of  empirical  equations.  Figure  7-6  shows  the  relation  between 

surface  temperature  and  coverage  for  two  particular  cesium 

temperatures.^)  Figure  7-7  shows  the  relationship  of  work  function 

to  cesium  pressure  and  surface  temperature. 

The  thermal  emissivlties  of  tungsten  is  given  by  several 

references  as  a  function  of  temperature.  The  data  used  here  are  those 
(o) 

of  Forsythe  and  Watson.''77 

Values  of  plasma  electrical  resistance  and  thermal  conductance 

(10) 

are  not  available  in  the  lterature.  Gottlieb  and  Zollweg'  7  have 
recently  measured  the  thermal  conductance  of  cesium  plasma.  An  empirical 
fit  to  their  results  is  shown  in  Figure  7-8.  These  data  were  fitted  well 
by  the  empirical  equation. 

-  1.5  x  10*4  1  -  exp  (-40  Pd)  (37) 


where  P  is  the  cesium  pressure  in  mm  of  Hg,  d  the  spacing  in  cm 
and  ^  the  thermal  conductivity  of  the  plasma  in  vatt-cm/deg  K. 

The  electrical  resistance  was  estimated  from  J-V  curves  taken  by 
Gottlieb  and  Zollweg.  The  results  are  quite  preliminary  in  nature. 
For  the  calculations  discussed  hereafter,  the  plasma  resistivity,  p^ 
was  estimated  by  the  equation 


P  -  2.67P 

<  P 


(38) 


where  P  is  the  cesium  pressure  in 


Sg  and  ^  p 


is  in  ohm  cm, 
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Results  of  numerical  Calculations 

Because  empirical  data  concerning  the  effect  of  cesium  coverage 
on  the  thermionic  properties  of  materials  is  veil  know  only  for  tungsten, 
calculations  were  made  only  for  a  device  in  which  both  the  anode  and 
cathode  were  made  of  tungsten. 

Calculations  of  the  optima  operating  point  according  to  the 
method  described  above  were  carried  out  on  a  high  speed  digital  computer 
for  more  than  5000  different  combi nations  of  spacing,  and  oathode,  anode, 
and  cesium  bath  temperatures .  At  the  values  of  lead  and  load  resistance 
which  yielded  the  maxi  mm  efficiency  for  each  of  the  given  combination 
of  parameters,  some  forty  different  properties,  such  as  power  delivered 
to  load,  external  voltage,  net  current,  etc.,  were  tabulated  in  addition 
to  the  efficiency.  As  already  shown,  for  given  materials  of  construction, 
the  efficiency  V]  ,  optimized  with  respect  to  load  and  lead  resistance  is 
a  function  of  only  four  variables  -  cathode -anode  spacing,  and  the 
temperature  of  the  cathode,  anode,  and  cesium  reservoir.  Because  of 
the  number  of  Independent  variables,  it  is  possible  to  plot  lines  of 
constant  efficiency  in  a  large  number  of  ways.  By  keeping  two  of  the 
parameters  constant,  efficiency  contours  can  be  plotted  as  a  function 
of  the  other  two.  Figures  7-9,  7-10,  and  7-11  show  respectively  sample 
result  of  keeping  fixed  cesium  temperature  and  spacing,  anode  temperature 
and  spacing,  and  cesium  temperature  and  anode  temperature.  It  was  found, 
however,  that  the  most  useful  type  of  plot  was  obtained  by  fixing  the 
spacing  and  cathode  temperature  and  drawing  curves  of  constant  efficiency 
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as  a  function  of  anode  and  cesium  reservoir  temperatures .  A  typical  set 
of  such  plots  Is  shown  in  Figure  7  -12.  It  should  be  noticed  that  in  each 
case,  the  efficiency  has  a  maximum  occurring  at  a  unique  combination  of 
cesium  and  anode  temperatures,  nils  maximum  is  a  general  occurrence  for 
all  of  the  possible  combinations  of  spacing  and  cathode  temperature, 
although  its  precise  location  will  depend  upon  the  particular  values  of 
spacing  and  cathode  temperature  considered.  It  should  be  mentioned  that 
these  maxima  may  only  be  local  and  that  higher  efficiencies  may  be 
obtainable  at  lower  anode  temperatures.  However,  anode  temperatures 
less  than  600°K  were  not  considered  to  be  reasonable  from  a  design 
standpoint.  Further,  the  anode  temperature  can  never  be  less  than  the 
temperature  of  the  cesium  reservoir,  for  the  latter  must  be  the  lowest 
temperature  in  the  diode  so  that  it  will  determine  the  pressure  of  the 
cesium  vapor.  Curves  of  the  type  in  Figures  7-9,  7 -10,  and  7 -11  do 
not  display  a  maximum  of  efficiency  Blnce  higher  efficiencies  can  always 
be  obtained  by  going  to  a  sufficiently  higher  cathode  temperature .  If 
Figure  7~H  1*  considered  at  a  fixed  value  of  cathode  temperature,  it 
can  be  shown  that  an  optimum  value  of  spacing  exists.  However,  these 
spaclngs  are  extremely  small  (less  than  2.5  microns)  and  not  realizable. 
Therefore,  for  spaclngs  larger  than  this,  the  efficiency  decreases  with 
Increasing  spacing. 

A  suniiary  of  the  maxima  obtainable  from  plots  of  the  type  of 
Figure  7-12  is  shown  in  Figures  7-I3  and  7-lU.  In  these  figures  are 
shown  three  sets  of  curves  as  functions  of  cathode  temperature  -  maximum 
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attainable  efficiency  and  the  anode  and  cesium  bath  temperatures  necessary 

to  attain  that  efficiency.  Each  set  consists  of  five  curves  corresponding 

to  five  different  spacings.  There  are  several  important  features  of  these 

curves  which  should  be  noted.  There  is,  for  a  fixed  spacing,  a  vide  range 

of  cathode  temperatures  in  which  the  ultimate  efficiency  is  relatively 

independent  of  cathode  temperatures.  Thus,  a  small  improvement  in  the 

temperature  capability  of  most  existing  materials  does  not  produce  a  large 

improvement  in  efficiency  of  operation.  Further,  the  anode  temperature 

o 

required  for  maximum  efficiency  is  seen  to  be  within  the  range  900  K  to 
o 

1100  K  regardless  of  the  cathode  temperature  or  spacing. 

It  should  be  re emphasized  at  this  point  that  the  numerical 
results  presented  in  the  figures  and  in  the  above  discussion  refer  to  a 
device  with  tungsten  anode  and  cathode.  For  other  materials,  the 
numerical  values  might  change  considerably,  but  it  is  believed  that  the 
qualitative  nature  of  the  results  should  be  the  same. 

It  must  also  be  recalled  that  these  calculations  are  based 
on  the  assumption  that  space  charge  has  been  eliminated.  Since  there  is 
a  minimum  cesium  temperature  at  which  this  is  true,  certain  areas  of  the 
curves  presented  (particularly  at  the  lower  cesivsn  temperatures)  are 
Inaccurate.  Fortunately,  from  the  limited  data  available  in  the  litera¬ 
ture,  the  optimum  operating  points  do  not  appear  to  be  in  this  excluded 
area. 

If  accurate  emission  data  were  available,  calculations  of  the 
type  discussed  here  could  be  carried  out  for  other  materials.  While 
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experimental  investigations  of  these  data  are  presently  being  made  by 
various  laboratories,  little  Information  is  available  in  the  literature. 

Conclusions  and  Recommendations  for  Further  Study 

Hie  following  are  some  conclusions  ve  have  diawn  from  this 
study  and  some  recommendations  for  further  work. 

When  for  a  fixed  spacing  and  cathode  temperature  all  other 
parameters  are  optimized  using  efficiency  as  the  criterion,  the  resulting 
optimum  efficiency  is  a  relatively  insensitive  function  of  the  cathode 
temperature  in  the  temperature  range  1600  to  2200°K.  Clearly,  a  small 
improvement  In  temperature  capability  will  not  result  in  a  significant 
improvement  in  efficiency.  Only  a  large  increase  in  operating  tempera¬ 
ture  provides  a  marked  improvement.  In  order  to  operate  a  thermionic 

converter  of  the  type  discussed  here  at  25$  efficiency,  a  cathode  temp- 
o 

erature  above  2200  K  is  necessary.  A  thermionic  converter  using  tungsten 
electrodes  operating  with  a  cathode  temperature  of  1600  to  2200°K  would 
have  an  efficiency  between  15  and  20$. 

Tbe  introduction  of  cesium  into  a  thermionic  energy  converter 
has  two  opposing  effects  upon  the  efficiency.  Thermal  and  electrical 
losses  occur  in  the  cesium,  while  the  reduction  of  cathode  and  anode 
work  functions  allows  more  efficient  operation.  As  the  pressure  of  cesium 
is  increased  from  zero,  the  efficiency  is  increased  reaching  a  maximum. 
Above  this  critical  value  of  cesium  pressure,  the  efficiency  decreases 
because  of  the  increasing  electrical  and  thermal  losses  in  the  plasma. 
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The  attainment  of  maximum  efficiency  dependa  critically  upon  establishing 
the  optimum  cesium  pressure.  The  use  of  a  cathode  material  possessing  a 
larger  affinity  for  cesium  would  make  possible  lower  cesium  pressure  to 
obtain  a  given  work  function.  The  plasma  losses  would  then  be  lower. 

The  net  result  would  be  a  higher  efficiency  of  operation.  In  short,  the 
use  of  a  cathode  material  of  higher  affinity  for  cesium  will  result  In 
Increased  efficiency.  It  can  be  shown  that  the  converse  is  also  true. 

Thus,  consideration  of  the  cesium  affinity  Is  of  considerable  Importance 
In  the  selection  of  a  cathode  material. 

From  examination  of  the  operating  characteristics  of  thermionic 
converters  (such  as  Figure  7 -12) ,  it  Is  seen  that  efficiency  Is  a  relative¬ 
ly  insensitive  function  of  anode  and  cathode  temperature  and  of  spacing. 

The  cesium  pressure,  on  the  other  hand,  is  quite  a  critical  parameter 
and  should  he  controlled  very  closely.  The  lead  and  load  resistances 
are  also  critical  parameters.  Operation  away  from  these  critical  values 
can  decrease  the  efficiency  by  a  sizeable  fraction.  These  relationships 
should  he  carefully  considered  in  the  design  of  thermionic  converters. 

The  calculations  of  efficiency  have  been  checked  against  the 
results  of  the  few  experimental  devices  available  In  the  literature. 

Where  sufficient  information  Is  given  to  allow  comparison,  the  agreement 
has  been  quite  reasonable.  While  the  calculations  are  not  to  he  consid¬ 
ered  as  exact  theoretical  results,  the  values  are  probably  quite  close 
to  reality.  While  the  model  of  the  plasma  Is  not  entirely  realistic  and 
the  effect  of  space  charge  has  been  largely  Ignored,  the  errors  Introduced 
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are  snail  In  the  regions  of  Interest.  Devices  of  35^  efficiency  are 
clearly  impractical,  while  a  SO jl  efficient  device  can  probably  be  built 
with  present  techniques  and  materials. 
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Ideal  Efficiency,  tj0 

Fig.  7~b.  Optimum  Values  of  rj’,  T  and  0  as  Functions 
of  the  Ideal  Efficiency,  i)Q> 


fig.  7-5.  Work  Function  of  Tungsten  as  a  Function  of 
Fractional  Coverage  by  Cesiua. 
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Surface  Temperature  (°K) 

fi«.  7-7.  Work  Function  u  a  Function  of  Ceeiua  Bath 
Teaperatur*  and  SurfMe  Temperature. 
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Fig.  7-8.  Theraal  Conductivity  of  Cesium  Plana  as  a 
Function  of  Spacing  and  Pressure. 
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TlS*  7-9 .  Efficiency  as  a  Function  of  Cathode 
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Fig.  7-10.  Efficiency  as  a  Function 
of  Cathode  and  Anode 
Temperatures 
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Fig.  7-11.  Efficiency  ae  a  Function  of  Spacing  and 
Cathode  Temperature. 
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CHAPTER  EIGHT 

LIFETIME  OF  A  THERMIONIC  ENERGY  CONVERTER 

The  design,  construction,  and  operation  of  all  devices  are 
dictated  by  their  required  lifetimes.  This  requirement  varies  from 
minutes  for  a  rocket  motor  to  years  for  a  commercial  power  plant.  The 
mechanisms  of  failure  must  be  considered  in  order  to  predict  this  life¬ 
time.  In  a  thermionic  energy  converter,  the  basic  cause  of  failure  is 
the  evaporative  transfer  of  cathode  materials.  Other  causes  such  as 
corrosion,  mechanical  failure,  or  radiation  damage  can  in  most  cases 
be  pr'  vented  by  ingenious  design.  Evaporative  loss,  however,  is  an 
inherent  limitation  because  of  the  l.igh  operating  temperatures  required. 

To  predict  the  lifetime  of  a  thermionic  energy  converter,  only  the 
allowable  los6  and  the  rate  of  evaporative  transfer  must  be  known.  The 
allowable  loss  is  determined  by  the  exact  mechanism  of  failure.  Whisker 
formation,  changes  in  the  thermal  emissivities,  and  changes  in  the  work 
functions  a~e  examples  of  such  mechanisms,  any  of  which  may  be  caused  by 
evaporation  and/or  deposition.  The  rate  of  evaporative  transfer  is 
dependent  upon  the  geometrical  configuration,  the  operating  temperatures, 
the  materials  of  construction,  and  the  internal  pressure  of  the  device. 

An  energy  converter  must  possess  a  useful  energy  output  as 
well  as  a  useful  lifetime.  In  order  to  compare  the  operation  of  different 
energy  converters,  some  criterion  of  comparison  must  be  chosen.  Some 
possible  criteria  are  the  efficiency,  the  output  power,  or  the  power  to 
weight  ratio.  Each  of  these  is  important  in  certain  applications;  for 
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example,  a  stationary  land-based  power  station  is  usually  an  efficient 
low  cost  device  while  a  space  power  plant  is  usually  a  light  device. 

In  this  paper,  the  efficiency  has  been  taken  as  the  criterion.  This 
choice  was  made  for  several  reasons:  l)  The  efficiency  is  always  of 
interest  to  the  designer  regardless  of  the  application  of  the  device. 

2)  Calculation  of  the  power-to-weight  ratio  requires  a  detailed  knowledge 
of  the  heat  source  and  sink,  and  is  thus  dependent  upon  considerations 
beyond  the  scope  of  this  paper.  This  point  will  be  discussed  further  in 
a  later  section.  3)  The  output  power  and  other  possible  criteria  are 
more  specifically  related  to  particular  applications  than  is  the  efficiency. 

A  number  of  authors  have  calculated  efficiencies  of  thermionic 
energy  converters  using  a  number  of  different  approximations.^  While  the 
efficiency  is  a  function  of  a  large  number  of  variables,  in  principle  most 
of  these  variables  sure  determined  by  a  relatively  small  number  of  parameters 
If  the  materials  of  construction  and  their  properties  are  known,  then  the 
efficiency  is  a  function  only  of  the  cathode-to-anode  spacing,  the  cathode 
and  anode  teaiperatures,  the  means  of  space  charge  neutralization,  and  the 
lead  suid  load  resistances.  In  most  converters  presently  under  investigation 
cesium  vapor  is  used  for  sp>ace  charge  neutralization,  and  frequently  also 
for  modification  of  the  cathode  and  anode  v;ork  functions.  In  this  case, 
the  efficiency  is  also  a  function  of  the  cesium  pressure.  In  all  but  the 
most  recent  calculations  of  efficiency  referred  to  above,  the  interrela¬ 
tionships  of  work  functions,  emissivitles,  temperatures,  etc.,  have  been 
largely  ignored.  Furthermore,  few  of  the  calculations  have  considered 
variations  in  load  resistance  or  the  presence  of  back  current.  None  of 
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the  calculations  have  attempted  to  optimize  the  values  of  anode  and 
cesium  temperature  while  simultaneously  optimizing  lead  and  load  re¬ 
sistance.  A  recent  report^  summarized  a  method  for  this  simultaneous 
optimization. 

Both  lifetime  and  efficiency  can  he  shown  to  be  functions  of 
the  same  design  parameters:  operating  temperatures,  internal  pressure, 
materials  of  construction,  and  geometrical  configurations.  For  a  converter 
built  of  a  given  material  and  operating  in  the  most  effeclent  manner 
possible,  lifetime  can  be  shown  to  decrease  with  increasing  efficiency. 

The  balancing  of  the  desires  for  high  efficiency  and  long  lifetime  re¬ 
quires  the  knowledge  of  how  these  quantities  change  as  the  design  parameters 
are  changed.  In  this  paper,  a  proposed  method  for  calculating  these 
quantities  is  discussed.  The  relationship  of  efficiency  and  lifetime 
derivable  from  these  calculations  is  also  presented. 

A  simple  approach  is  to  estimate  lifetime  by  dividing  the 
allowable  surface  recession  by  the  rate  of  evaporation  into  vacuum.  Since 
no  measurements  of  the  allowable  surface  recession  have  appeared  in  the 

literature,  a  value  of  2.5  microns  was  used  as  a  conservative  estimate. 

k 

This  value,  equivalent  to  about  10  layers  of  atoms,  is  small  compared 
to  the  spacing  of  most  converters  presently  under  consideration.  In  a 
later  section  the  exact  value  used  will  be  shown  to  be  unimportant. 

Figure  8.1  shows  the  results  of  this  calculation  for  molybdenum,  colunfcium, 
(4) 

tantalum,  and  tungsten. 

Several  important  effects  occur,  particularly  in  the  cesium 
diode,  that  are  neglected  in  this  calculation.  The  presence  of  a  partial 
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cesium  coverage  may  increase  or  decrease  the  rate  of  loss.  The  presence 
of  contaminant  gases  (such  as  v&ter  vapor)  in  the  device  may  also  change 
the  rate  of  loss.  Experimental  measurements  under  very  carefully  con¬ 
trolled  conditions  are  necessary  to  determine  the  magnitudes  of  these 
effects.  Another  effect  of  considerable  importance  is  the  reduction  of 
evaporative  transfer  caused  by  back- scattering  from  the  cesium  atmosphere 
present  in  the  anode  to  cathode  gap.  The  magnitude  of  this  effect  can  be 
estimated  by  a  relatively  simple  method. 

A  first  approximation  is  to  assume  that  all  atoms  that  strike 
the  cold  surface  (anode)  stick  and  that  the  partial  coverage  of  cesium 
has  no  effect  on  the  evaporation  of  atoms  from  the  cathode. 

For  relatively  large  spacings,  the  rate  of  loss  is  limited  by 
the  rate  of  diffusion  through  the  catbode-to-anode  gap.  If  the  diffusion 
constant  D  does  not  change  within  the  (£tp,  then  the  flux  R  of  metal 
transported  is 


R 


(1) 


where  Ap  is  the  difference  in  density  of  evaporated  atoms  at  the  cathode 
and  anode,  and  d  is  the  width  of  the  cathode-to  anode  gap.  The  evaporative 
flux  Ry  at  any  temperature  T  is  given  by 

Ry  -  pV/4  (2) 

where  p  is  the  density  and  V  is  the  arithmetic  average  velocity  of  the 
evaporating  species. ^  Since  the  pressure  and  temperature  of  evaporated 
atoms  adjacent  to  the  electrodes  are  nearly  equal  to  those  characteristic 
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of  the  electrodes,  dp  is  equal  to  the  difference  of  densities  charac¬ 
teristic  of  cathode  and  anode.  Since  the  cathode  temperature  la  con¬ 
siderably  higher  than  the  anode  temperature,  the  density  at  the  cathode 
Pe  la  much  greater  than  that  at  the  anode  PQ.  Thus  aP  is  equal  to 
Pc  and  the  transport  flux  Is 


R 


(3) 


where  Ryc  Is  the  normal  evaporative  flux  at  the  cathode  temperature. 

The  quantity  D/V  has  the  dimensions  of  length  and  Is  proportional 
to  the  mean  free  path,  A  ■  Hard  sphere  calculations^  show  that  D/V 
equals  A  /3- 

Thus, 

R  -  (4/3)  (A/*)  Rvc  (4) 


The  evaporative  transport  problem  is  analogous  to  the  neutron 
scattering  problem  in  a  non-absorbing  medium,  where  R^c  Is  analogous  to 
the  Incoming  neutron  intensity  and  R  to  the  Intensity  transmitted.  C.  W. 
Maynard  has  solved  this  neutron  scattering  problem  numerically  for  small 
apaclngs. ^  Examination  of  his  results  between  1/4  and  4  mean  free 
paths  shows  that  the  equation 

R  -  Ryc/(1  +  3d/4A)  (5) 

fits  the  results  very  accurately.  For  large  spacing  this  expression 
approaches  that  of  equation  4. 
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A  more  general  approach  Is  to  consider  the  space  as  a  succession 
of  reflecting  and  transmitting  slabs.  The  transmission  through  each  of 
these  slabs  must  have  the  same  functional  relationship  to  thickness  as 
the  transmission  through  the  assembly.  If  the  multiple  reflections  are 
summed  up,  assuming  Isotropic  behavior,  the  functional  relationship  is 


1  -  f(x  ) 

f(  ?  Xi)  "  1  +  ?  (  ) 


where  is  the  thickness  of  the  ith  slab  and  f(x^)  is  the  fraction 
transmitted  through  a  thickness  x^. 

It  can  easily  be  shown  that  the  only  function  which  obeys  this 
relationship  is 

f(x)  -  (1  +  ax)'1  (7) 

R 

VC 

This  Implies  that  R  «  -  ^  is  the  general  form  of  the  solution  to  the 

transport  equation.  For  a  sufficiently  large  d,  the  constant  term  can  be 
neglected  In  comparison  with  ad,  thus  reducing  the  equation  to  the  diffusion 
case  where  a  Is  J/k X  .  The  scattering  approach  of  Maynard  also  led  to  the 
same  value  for  the  constant.  Both  approaches  are  based  on  all  collisions 
being  of  the  hard  sphere  variety.  Thus  equation  3  Is  the  general  solution 
for  transport  where  the  factor  3/k  will  be  different  if  the  collisions  do 
not  obey  the  hard  sphere  model. 

An  experimental  verification  of  equation  3  for  molybdenum  Is  des¬ 
cribed  In  Chapter  J  of  this  report.  No  other  measurement  of  mean  free 
path  under  these  non-iso  thermal  conditions  was  found  in  the  literature. 
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Theoretical  estimates  of  mean  free  path  assuming  isothermal  conditions 
vere  0.9  to  20  times  the  experimental  value,  depending  on  the  assumptions 
made. 

Since  the  mean  free  path  is  inversely  proportional  to  the  pressure 
and  is  not  a  sensitive  function  of  the  temperatures,  the  following  rela¬ 
tionship  was  assumed  to  hold  true  for  the  transport  flux 

R  -  (1  +  0.087  pd)'1  Ryc  (8) 

for  the  pressure  p  in  mm  of  Hg  and  the  spacing  d  in  microns.  The  value  of 
O.O87  is  based  upon  only  one  series  of  experiments  and  should  be  accepted 
only  with  considerable  reservation. 

From  equation  8,  it  is  possible  to  determine  lifetime  as  a 
function  of  cathode  temperature,  spacing,  and  cesium  bath  temperature. 

The  relative  lifetime,  defined  as  the  ratio  of  the  lifetime  in  a  gas  filled 
diode  to  the  lifetime  in  vacuum,  is  equal  to  Rvc/R«  In  Figure  8.2  the 
relative  lifetime  is  plotted  as  a  function  of  spacing  and  cesium  bath  temp¬ 
erature  which  determines  the  pressure.  Better  determinations  of  the  mean 
free  path  as  a  function  of  pressure  may  change  the  values  shown  in  this 
figure,  but  the  general  validity  of  the  figure  should  not  be  affected. 

The  lifetime  will  obviously  Increase  with  increasing  cesium  pressure  and 
spacing. 

With  the  aid  of  the  efficiency  calculations  in  the  previous 
section  of  this  report,  it  is  possible  to  determine  efficiency  and  lifetime 
as  functions  of  only  four  parameters  —  cathode,  anode,  and  cesium  bath 
temperatures  and  the  cathode-anode  spacing.  If  this  determination  be  made. 
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then  for  a  fixed  spacing,  a  maximum  efficiency  can  be  found  for  a  given 
minimum  evaporative  lifetime.  The  measurement  of  mean  free  path  sumnarized 
in  a  previous  section  was  made  using  a  molybdenum  cathode.  The  relative 
lifetimes  deduced  from  this  value  should  not  be  seriously  different  for 
tungsten,  since  both  atomic  diameter  and  chemical  behavior  are  very  similar. 
A  curve  of  maximum  efficiency  as  a  function  of  the  evaporative  lifetime 
for  tungsten  is  shown  in  Figure  8.3  for  a  125  micron  spacing  diode.  Similar 
curves  can  be  drawn  for  other  s pacings.  This  efficiency  has  been  simul¬ 
taneously  maximized  with  respect  to  anode,  cathode,  and  cesium  temperatures 
for  a  fixed  lifetime.  In  principle,  this  procedure  could  be  continued  to 
determine  an  optimum  value  of  spacing.  However,  impracticably  small  values 
of  spacing  result. 

The  extremely  large  values  of  lifetime  for  tungsten  shown  in 
Figure  8.3  are  clearly  of  no  practical  significance.  However,  for  materials 
of  hlgier  vapor  pressure  than  tungsten,  an  analogous  curve  would  be  useful. 
In  particular,  if  the  electron  emission  properties  of  molybdenum  in  the 
presence  of  cesium  were  the  same  as  those  of  tungBten,  then  the  lifetime 
scale  would  he  shifted  as  indicated  in  Figure  8.3.  It  is  clear  that  under 
these  conditions,  a  required  lifetime  of  1  year  or  greater  will  result  in 
an  efficiency  less  than  20$  for  molybdenum.  It  must  be  recalled  that  this 
statement  is  based  on  the  allowable  surface  recession  being  2.5  microns. 
However,  the  efficiency  in  the  region  of  interest  for  molybdenum  is  not  a 
sensitive  function  of  lifetime.  Allowing  10  times  the  recession  used  here 
does  not  markedly  increase  the  possible  efficiency. 
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If  accurate  emission  data  were  available,  calculations  of  the 
type  discussed  here  could  be  carried  out  for  other  materials.  Similarly, 
lifetime  calculations  could  be  carried  out  if  measurements  of  mean  free 
path  for  other  materials  were  available.  While  experimental  investigations 
of  these  data  are  presently  being  made  by  various  laboratories,  little 
information  is  available  in  the  literature. 

As  mentioned  before,  it  may  often  be  more  desirable  to  design 
a  system  with  a  maximum  value  of  the  ratio  of  output  power  to  system 
weight  in  lieu  of  maximum  efficiency.  Ibis  is  an  extremely  difficult 
problem  to  solve  in  general  since  the  weight  of  the  diode  itself  is  negli¬ 
gible,  and  the  weight  of  the  system  is  the  dominant  factor.  Thus,  the 
construction  of  the  system  must  be  known  in  great  detail.  For  example, 
in  the  case  of  a  reactor-powered  thermionic  converter,  a  reactor  core, 
shield,  assembly,  reflector,  and  radiator  would  have  to  be  designed  for 
each  choice  of  spacing  and  cathode,  anode,  and  cesium  temperatures  in 
order  to  determine  the  weigit  of  the  system. 

It  is  possible,  however,  to  say  a  few  things  in  a  semi-quantitative 
way  about  the  problem.  Consider  the  radiator,  which  is  responsible  for  a 
large  part  of  the  weight  of  a  space  power  system.  Let  PQ  be  the  power 
output,  the  input  power,  7|  the  efficiency  of  conversion,  and  T&  the 
anode  temperature.  Then  by  definition  of  7] 


po  ■  Vi 


(9) 
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The  amount  of  power,  p  ,  which  the  radiator  must  dump  as  waste  heat  la 
given  by 

Pw  “  Pi  -  Po  “  *  7?  >Pi  (10) 

If  the  waste  heat  is  radiated 

pw  “  CXAX^  (11) 

where  A  is  the  surface  area  of  the  radiator  and  is  some  numerical 
constant.  Further,  if  the  weight  W  of  the  radiator  is  proportional  to 
its  area, 

W.  “  CgA  (12) 

When  combined,  the  above  equations  yield  for  the  ratio  of  output 
power  to  radiator  weight 

V”,  “  (Cl/C2><rr^->  Ta4  (13) 

The  quantity  7^(1  —  7^  )_1  is  a  monotonically  increasing  function 
of  7]  so  that  for  fixed  anode  temperature,  maximizing  the  efficiency  will 
maximize  PQ/Wr  as  well.  However,  in  many  cases,  the  anode  temperatures 
cannot  be  considered  fixed.  A  procedure  similar  to  that  used  in  the  pre¬ 
ceding  sections  can  be  followed  using  the  maxim  an  power -to -weight  ratio, 
instead  of  efficiency  as  the  criterion.  The  results  are  very  similar  to 
those  of  the  previous  section  in  that  higher  cathode  temperatures  result 
in  higher  pover-to-veight  ratios.  Figure  8.4  shows  the  results  of  optimizing 
PQ/Wr  for  a  5  ail  spacing  tungsten  diode. 
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A  comparison  of  the  results  using  the  two  different  criteria, 
efficiency  and  power-to-welght  ratio,  shows  that  a  significant  decrease 
in  efficiency  is  the  price  that  must  he  paid  for  the  maximum  pover-to- 
weight  ratio.  This  is  particularly  true  in  the  region  between  1600 
and  2200° K  cathode  tenperatures  where  the  optimum  efficiency  does  not 
vary  rapidly  with  temperature. 

In  Figure  8.4  the  relative  values  of  the  power -to - we i gfrt  ratio 
and  the  optimum  anode  temperatures  are  also  plotted.  The  peak  in  anode 
temperatures  near  a  cathode  temperature  of  2500°K  is  almost  certainly 
a  local  maximum,  since  the  power-to-veight  ratio  can  obviously  be  increased 
by  going  to  infinite  anode  temperatures,  using  a  "sligitly  larger"  value 
of  cathode  temperature. 

When  for  a  fixed  spacing  and  cathode  temperature  all  other 
parameters  are  optimised  using  efficiency  as  the  criterion,  the  resulting 
optimum  efficiency  is  a  relatively  insensitive  function  of  the  cathode 
temperature  in  the  tenperature  range  1600  to  2200°K.  Clearly,  a  small 
improvement  in  temperature  capability  will  not  result  in  a  significant 
improvement  in  efficiency.  Only  a  large  increase  in  operating  temperature 
provides  a  marked  improvement .  In  order  to  operate  a  thermionic  converter 
of  the  type  discussed  here  at  25$  efficiency,  a  cathode  temperature  above 
220O°K  is  necessary.  Only  tungsten  is  capable  of  a  reasonable  lifetime 
at  this  temperature. 

A  thermionic  converter  using  tungsten  electrodes  operating  with 
a  cathode  temperature  of  1600  to  2200°K  would  have  an  efficiency  between 


15  and  20$  and  an  indefinite  lifetime.  If  the  emission  characteristics  of 
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molybdenum  tire  similar  to  those  of  tungsten  a  molybdenum  diode  could  be 
constructed  with  a  lifetime  greater  than  one  year  at  an  efficiency  less 
than  20$. 

The  introduction  of  cesium  into  a  thermionic  energy  converter 
has  two  opposing  effects  upon  the  efficiency.  Thermal  and  electrical 
losses  occur  in  the  cesium,  while  the  reduction  of  cathode  and  anode  work 
functions  allows  more  efficient  operation.  As  the  pressure  of  cesium  is 
increased  from  zero,  the  efficiency  is  increased  reaching  a  maximum.  Above 
this  critical  value  of  cesium  pressure,  the  efficiency  decreases  because 
of  the  increasing  electrical  and  thermal  losses  in  the  plasma.  The  attain¬ 
ment  of  maximum  efficiency  depends  critically  upon  establishing  the  optimum 
cesium  pressure.  The  use  of  a  cathode  material  possessing  a  larger  affinity 
for  cesium  would  make  possible  lower  cesium  pressure  to  obtain  a  given  work 
function.  The  plasma  losses  would  then  be  lower.  The  net  result  would  be 
a  higher  efficiency  of  operation.  In  short,  the  use  of  a  cathode  material 
of  higier  affinity  for  cesium  will  result  in  increased  efficiency.  It  can 
be  shown  that  the  converse  is  also  true.  Thus,  consideration  of  the  cesium 
affinity  is  of  considerable  importance  in  the  selection  of  a  cathode  material. 

From  examination  of  the  operating  characteristics  of  thermionic 

converters  it  is  seen  that  efficiency  is  a  relatively  insensitive  function 

of  anode  and  cathode  temperature  and  of  spacing.  The  cesium  pressure,  on 

the  other  hand,  is  quite  a  critical  parameter  and  should  be  controlled  very 

(■*) 

closely.  The  lead  and  load  resistances  are  also  critical  parameters. 
Operation  away  from  these  critical  values  can  decrease  the  efficiency  by 
a  sizeable  fraction.  These  relationships  should  be  carefully  considered 
in  the  desigi  of  thermionic  converters. 
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The  evaporative  lifetime  of  a  thermionic  converter  can  he 
increased  by  increasing  the  spacing  and  the  cesium  pressure.  While  the 
data  presented  here  are  only  preliminary,  the  lifetime  of  a  cesium  filled 
diode  will  probably  be  at  least  10  times  that  estimated  by  the  use  of 
evaporation  rates  into  vacuum. 

The  data  necessary  for  calculations  of  the  type  described  are 
extremely  scarce  and  relatively  unreliable.  The  obtaining  of  more  ex¬ 
tensive  and  more  accurate  information  would  allow  the  design  of  thermionic 
converters  to  be  made  in  a  relatively  routine  fashion.  Fbr  tungsten  such 
a  design  has  been  made  and  the  device  is  presently  being  built. 

The  calculations  of  efficiency  have  been  checked  against  the 
results  of  the  few  experimental  devices  available  in  the  literature.  Where 
sufficient  Information  is  given  to  allow  comparison,  the  agreement  has  been 
quite  reasonable.  While  the  calculations  are  not  to  be  considered  as  the 
exact  theoretical  results,  the  values  are  probably  quite  close  to  reality. 
While  the  model  of  plasma  is  not  entirely  realistic  and  the  effect  of  space 
charge  has  been  largely  ignored,  the  errors  introduced  are  «n«n  in  the 
regions  of  interest.  Devices  of  355&  efficiency  are  clearly  impractical, 
while  a  ac#  efficient  device  can  probably  be  built  with  present  techniques 


and  materials 
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Fig.  8-1.  Time  to  lose  2.5  Microns  by  Evaporation  from  Mo, 
Cb,  Ta  and  W  as  a  Function  of  Temperature. 


5  minutes 


Molybdenum  Lifetime 
1  year  10^  years 


1010  years 


8.18 


Tc  <°K) 


71g.  8>l».  Power  to  Weight  Ratio,  Optima  Anode  Tempera¬ 
ture,  and  Efficiency  at  lUalaua  Weight  aa  a 
function  of  Cathode  Temperature. 
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CHAP1ER  NINE 

ANOMALOUS  RICHARDSON  EMISSION  CONSTANTS 

The  anomalous  behavior  of  the  thermionic  electron  emission  of 

some  materials  has  sometimes  been  ascribed  to  a  value  of  Richardson's 

“2  o  -2 

constant  not  equal  to  the  standard  value  of  120  amp-cm-K*  .  It  is 
shown  here  that  such  cannot  be  the  case  and  that  such  a  deviation  from 
Richardson's  lav  must  be  attributed  to  either  a  temperature  dependent 
reflection  coefficient  or,  more  likely,  a  temperature  dependent  chemical 
potential  of  the  emitting  surface.  In  particular,  those  materials  vhich 

would  otherwise  require  a  value  of  Richardson's  constant  larger  than  120 
-2  o  -2 

amp-cm  -  K  must  have  a  temperature  dependent  chemical  potential,  for 
a  varying  reflection  coefficient  cannot  look  like  an  Increase  in  A. 

Richardson's  equation  for  the  saturation  electron  emission 
current,  I,  from  metals  is  given  as 

I  -  (l-r)At2e"M/KT  (1) 

where  r  Is  the  reflection  coefficient,  p  the  chemical  potential  In  ev, 

T  the  absolute  temperature,  K  is  the  Boltzmann  constant,  and  A  a 

-2  o  -2 

constant  theoretically  equal  to  120  amp-cm  -  K  .  For  semiconductors, 
it  has  been  claimed^  that  a  similar  equation  can  be  used  with  the 
electron  mass,  m,  replaced  by  the  effective  mass,  m*.  This  results 
solely  in  multiplying  the  current  above  by  a  factor  (m*/m).  In  such 
a  case,  it  is  said  that  the  material  has  an  "anomalous"  Richardson 


constant. 
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(2) 

Based  upon  such  a  relation,  it  has  been  proposed'  '  that 
higher  currents  and  consequently  higher  efficiencies  in  a  thermionic 
converter  can  be  achieved  through  the  use  of  a  cathode  material  with 
a  large  effective  mass. 

It  will  be  shown  from  fundamental  concepts  that  such  cannot 
be  the  case  even  if  Richardson's  equation  is  not  truly  valid.  In  parti¬ 
cular,  it  will  be  Bhcvn  that  if  there  were  a  material  with  an  anomalous 
Richardson  constant,  it  would  be  possible  to  attain  efficiencies  in  excess 
of  Carnot  efficiency  and  therefore  violate  the  second  lav  of  thermodynamics. 

Stripped  of  the  numerous  parts  neces saury  in  its  construction, 
the  thermionic  diode  can  be  basically  represented  by  the  schematic  of 
Figure  9-1.  A  cathode  surface  of  chemical  potential  p^  in  contact  with 
a  heat  reservoir  at  an  absolute  temperature  thermally  emits  electrons 
across  a  gap  to  an  anode  of  chemical  potential  p^  in  contact  with  a  heat 
reservoir  at  a  temperature  Tg.  (T^  >  )  The  electrons  are  returned 

from  the  azzode  to  the  cathode  through  an  external  load. 

In  Figure  9-2,  V  is  the  internal  voltage  developed  by  the  diode. 

In  practice,  for  a  close-spaced  vacuum  diode,  V  is  the  sum  of  the  voltage 
delivered  to  the  load  plus  the  voltage  drops  across  the  leads.  Quantita¬ 
tively,  the  three  modes  are  described:  downhill  if  p^  >  p*>  +  V,  flat  if 
Pl  «  Mg  +  V,  and  uphill  if  p1  ^  Pg  +  V. 

Let  the  maximum  potential  barrier  between  the  two  electrode 
surfaces  be  denoted  by  p.  For  the  sake  of  convenience,  assume  plane  paral¬ 
lel  geometry  with  both  surfaces  of  unit  area.  Note  that  here  p  may  in¬ 
clude  not  only  the  effect  of  the  chemical  potentials  of  the  surface,  but 


also  space  charge  and  Schottky  effects 


Denote  the  net  current  emitted 


by  each  of  the  surfaces  by  and  Jg  and  define 

-  (l-r1)f1(T1,u) 

J2  -  (l-r2)f2(T2,u) 


(la) 

(lb) 


Note  that  the  functions  f.  and  f 2  can  only  be  dependent  upon  the  tempera¬ 
ture  of  the  surface  and  the  potential  u-  lhe  net  current  leaving  surface  1 
and  absorbed  by  surface  2  is  J^2  where 

*  J12  “  rl2fl^Tl»4^  ^ 


and  the  net  reflective  coefficient,  r^g  is  given  by 
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(l-r1)(l-r2) 

1*rlr2 


(3) 


Similarly  the  current  leaving  surface  2  and  absorbed  by  surface  1  is 

J21  "  r21f2(T2^)  (4) 

where  r^  is  the  appropriate  net  reflective  coefficient,  and  by  the 
symmetry  of  (3.3) 


21 


12 


(5) 


Now  assume  that  both  surfaces  are  kept  at  the  same  temperature, 
T  and  that  the  two  surfaces  are  shorted  electrically,  then  by  the  second 
law  of  thermodynamics,  no  current  can  flow.  Thus,  from  (2),  (k),  and  (5) 


fx(T,n)  -  fg(T,n) 


9.k 

(6) 

Since  In  (6)  both  T  and  p  are  arbitrary,  the  functional  form  for  the 
emission  from  any  surface  must  be  Independent  of  the  surface.  Thus  if 
(l)  is  true  for  any  one  material  (and  it  is  known  to  be  true  for  many 
materials),  it  must  be  true  for  all  mater  ids. 

Thus  we  have  proven  that  emission  currents  must  be  of  the  form 
(1).  Therefore,  the  behavior  of  those  materials  which  exhibit  an 
anomalous  Richardson  constant  on  the  assumption  of  a  constant  chemical 
potential  should  really  be  ascribed  to  a  temperature  dependent  chemical 
potential. 

There  is  a  further  relation  which  can  be  derived  from  such  a 
general  consideration.  Let  us  take  as  the  reference  level  of  potential 
energy  the  Fermi  level  of  surface  1.  Let  the  total  of  kinetic  and  potential 
energy  transported  by  the  electrons  leaving  surface  1  and  absorbed  at  sur¬ 
face  2  be  denoted  by  Q^CT^p).  Similarly,  let  ^(T^u)  be  the  total 
energy  transported  by  the  electrons  leaving  surface  2  and  absorbed  at 
surface  1.  Define  h^(T^,u)  and  hg(Tg,|i)  by 


&l(Tl»u)  - 

(7) 

h2(Tg,n)  -  (^(Tg^/jg^Tg,^ 

(8) 

It  has  already  been  shown  that,  by  setting  to  sero  the  net  current  flow 
for  *  Tg  under  short  circuit  conditions,  the  functions  f^  and  fg  are 
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identical.  Similar  reasoning  based  on  the  net  energy  transfer  under  the 

same  conditions  requires  that  and  be  identical.  Then  from  (7)  and 

(8)  the  functions  and  hg  must  be  identical.  Row  for  materials 

obeying  Richardson's  equation  for  vhich  the  electron  velocity  directly 

outside  the  emitting  surface  has  a  Maxwellian  distribution,  it  can  be 
* 

easily  shown  that 

h(T,n)  -  u  +  2KT  (9) 

However,  as  has  been  shown  above,  this  relation  is  not  dependent  upon 
the  electron  distribution.  Thus  one  has  for  the  net  transfer  of  energy 
from  surface  1  to  surface  2,  from  (2),  (3),  and  (4) 

S.2  *  J12  +  2KT1>  (10) 

and  similarly 

^  *■  (n  +  2KT2) 

# 

A.  J.  Dekker,  loc.  cit,  p.  224. 


(n) 
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Lood 


Fig.  9-1  Basic  Thermionic  Diode 


(o)  (b)  (c) 

Uphill  Downhill  Flat 


Fig.  9-2.  Modes  of  Operation 
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CHAPTER  TEN 

ELECTRON  AND  ION  EMISSION  FROM  CESIUM  COATED  REFRACTORY 
METALS  IN  EIECTRIC  FIEIDS 

Attention  Is  called  to  the  dependence  of  cesium  coverage  of 
refractory  metal  emitters  on  electric  field  as  veil  as  upon  cesium 
arrival  rate  (pressure)  and  emitter  temperature.  At  low  cesium 
coverage  a  surface  phenomena  with  a  discontinuous  change  of  coverage 
and  of  electron  and  Ion  emission  may  take  place  even  for  uniform 
work  function  emitters  as  a  consequence  of  the  Saha-Langmuir  equation, 
nils  phenomenon  may  account  for  the  double-mode  behavior  of  electron 
emission  from  the  Cs-coated  probes  reported  in  Chapter  Two,  as  veil 
as  certain  of  the  double-mode  behavior  observed  vlth  thermionic 
converter  diodes  at  lover  Cs  pressures.  It  also  has  a  bearing  on 
the  relative  emission  rates  of  electrons  and  positive  ions. 

When  one  is  concerned  vith  electron  emission  from  cesium 
coated  refractory  metals  such  as  tungsten,  molybdenum,  etc.,  it  has 
become  fairly  common  practice  to  refer  to  the  extrapolated  'S"  curves 

first  obtained  by  Taylor  and  Langmuir1  for  tungsten  and  recently  verified 

2  3  U 

and  extended  to  other  materials  by  Houston  ,  Aamodt  ,  and  DeSteese  . 

These  curves  give  values  for  the  saturated  electron  emission  at  a  given 

temperature  and  cesium  pressure  in  the  absence  of  an  electric  field. 

When  a  field  is  applied  to  remove  electrons,  it  is  important  to  note 

that  Increased  electron  emission  may  occur  not  only  because  of  Schottky 

effect  but  also  because  of  a  change  in  surface  coverage. 

The  Saha-Langmuir  equation1'"’  gives  a  relation  between  Cs 
atom  and  ion  evaporation  rates 
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ln(2yp) -ln'^+EF  <*-«  (1) 

where  yp,ya  are  evaporation  ratea  of  iona  and  atoms,  respectively 
0  is  the  work  function  of  the  emitter  with  equilibrium  Ca 
coverage 

I  ia  the  ioniaation  potential  of  the  vapor. 

Thie  equation  haa  been  experimentally  verified  for  alkali  metals  on  tungsten 
and  oxygenated  tungsten  but  must  be  generalised  to  include  reflection  for 
alkali  metals  incident  on  platinum.^  It  la  reasonable  to  expect  behavior 
similar  to  tungsten  for  other  refractory  metals  such  as  rhenium,  molybdenum, 
tantalum,  etc.  Thus  Cs  on  tungsten  at  low  Cb  coverage  where  0^  I  the 
cesium  ion  evaporation  rate  is  greater  than  the  cesium  atom  evaporation 
rate.  Taylor  and  Langmuir  found  the  atom  evaporation  rate  to  depend 
strongly  on  coverage  as  shewn  in  Figure  10-1  which  also  shciwB  the  ion 
evaporation  rate  (based  on  the  Saha-Langmuir  equation)  and  the  sum 
of  the  atom  plus  ion  evaporation  rates  vs.  coverage  -  all  at  a  constant 
tungsten  emitter  temperature  of  8W°K.  At  equilibrium  coverage  the  atom 
arrival  rate  must  equal  the  sum  of  the  atom  and  ion  evaporation  rates. 

If  one  assumes  a  constant  Cs  pressure  such  that  the  arrival  rate  is 


indicated  by  the  dotted  line  in  Figure  10-1,  there  will  be  i-hree  degrees  of 
coverage  at  which  the  arrival  rate  equals  the  sum  of  the  evaporation  rates, 
points  A,  B,  and  C  in  the  figure.  Only  points  A  and  C  are  stable,  however, 
since  a  small  fluctuation  in  coverage  at  B  will  lead  to  a  larger  change  until 


point  A  or  C  is  reached.  At  higher  emitter  temperatures  both  evaporation 
rates  will  be  higher  but  the  curves  will  be  qualitatively  similar  in  shape 


to  Figure  1  except  that  at  very  high  temperatures  the  relative  minimum  near 
0  ■  0.07  will  disappear.  A  family  of  evaporation  curves  corresponding  to 
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different  emitter  temperatures  can  be  dram  to  shew  hew  coverage  will  vary 
with  emitter  temperature  at  constant  Cs  pressure.  For  a  small  temperature 
Interval  two  stable  coverages  are  possible  and  which  occurs  will  depend  upon 
previous  history  such  as  the  direction  of  temperature  change  and  electric 
field. 

When  an  electric  field  opposing  Ion  emission  Is  applied,  the  Ion 
evaporation  rate  fill  be  drastically  reduced  while  the  atom  evaporation 
rate  Is  relatively  unchanged.  At  equilibrium  this  necessitates  a  change  in 
coverage  until  the  total  evaporation  rate  once  again  equals  the  arrival  rate. 
It  would  be  possible  by  means  of  electric  field  to  force  a  system  initial 
stable  at  coverage  A  with  work  function  eV,  high  ion  emission  and 

low  electron  emission  over  into  coverage  C  with  0^3.5  eV  and  relatively 
low  ion  emission  and  high  electron  emission. 

With  a  relatively  weak  electric  field  opposing  ion  emission,  ions 
would  continue  to  evaporate  but  would  be  confined  to  a  certain  region  near 
the  emitter  by  a  sort  of  semi  permeable  membrane,  permeable  to  atoms  but  not 
ions.  The  arrival  rate  of  atoms  plus  ions  to  the  emitter  surface  is  thus 
increased  over  that  for  the  field-free  case  necessitating  an  Increase  in 
surface  coverage.  With  electric  fields  of  the  order  of  1(A  to  10^  volts/cm 
at  the  emitter  surface  (which  might  be  achieved  by  sheaths)  the  ions  would 
be  confined  to  a  region  inside  the  image  potential  barrier  and,  although 
the  work  function  would  be  altered,  it  would  not  be  appropriate  to  speak 
of  ion  "evaporation".  The  surface  electric  fields  referred  to  above  will 
usually  be  caused  largely  by  sheaths  but  these  in  turn  will  depend  upon 
external  electrode  potentials  since  the  latter  play  a  significant  role  in 
the  removal  rate  of  charge  carriers. 
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A  different  aspect  of  the  surface  phenomena  discussed  above  has 
been  mentioned  by  Reynolds^  to  explain  the  discontinuity  in  ion  production 
rate  vith  l/T  observed  vith  electric  fields  favoring  ion  emission.  The 
results  shown  in  Chapter  2  of  this  report  are  in  the  range  of  cesium 
coverage  where  this  phenomenon  is  expected  and  are  in  qualitative  agreement 
vith  the  above  model.  Current -voltage  curves  obtained  in  this  laboratory 
for  thermionic  diodes  vith  tantalum  and  molybdenum  emitters  and  a  cesium 
pressure  of  O.O85  nm  Hg  have  also  exhibited  a  double -mode  behavior  in  a 
narrow  emitter  temperature  region  which  could  be  "switched”  by  changing  the 
electrode  voltages  in  qualitative  agreement  vith  the  above  ideas.  For  the 
tantalum  emitter  vith  an  external  voltage  of  1.5  V,  current  in  the  lower  mode 
vas  about  0.1  amps/cm2  and  in  the  upper  mode  about  10  amps /cm2,  whereas,  an 
extrapolation  of  Houston's  data  for  Ta-Cs  gives  a  field-free  saturation  emission 
of  about  0.01  amp/cm  .  An  estimate  of  the  Schottky  emission  enhancement 
because  of  a  positive  ion  sheath  at  this  pressure  gives  a  factor  of  6  in 
contrast  to  the  observed  1000-fold  Increase.  These  results  which  appear  at 
temperatures  where  low  Cs  coverage  is  expected  are  most  reasonably  explained 
by  the  change  in  coverage  discussed  above  with  a  relatively  minor  contribution 


from  Schottky  effect 


10.5 


references 


1.  J.  B.  Taylor  and  I.  Langmuir,  Phys.  Rev.  44,  423  (1933). 

2.  J.  M.  Houston,  Proc.  Conf.  on  fermionic  Proc.  and  Materials,  Bedford, 
Mass.,  June  1961. 

3.  R.  L.  Aamodt,  Proc.  Conf.  on  Thermionic  Processes  and  Materials,  Phila¬ 
delphia,  January  1961.  R.  L.  Aamodt,  L.  J.  Brown,  and  B.  D.  Nichols, 

J.  Appl.  Phys.  £3,  2080  (1962). 

4.  Chapter  Two  of  this  report. 

5.  S.  Datz  and  E.  H.  Taylor,  J.  Chem.  Phys.  25,  389  (1956). 

6.  T.  W.  Reynolds,  NASA  Technical  Note,  D-1307,  May  1962,  "Estimation  of 
Critical  Temperatures  for  Surface  Ion  Currents  from  Electron  Emission 
Data". 


11.1 


CHAPTER  ELEVEN 

POTENTIAL  DISTRIBUTIONS  IN  HIGH  PRESSURE  CESIUM 
THERMIONIC  DIODES 

The  operation  of  a  thermionic  diode  can  be  completely  under¬ 
stood  only  if  the  details  of  the  potential  distribution  within  the 
diode  are  known.  The  distribution  in  a  vacuum  diode  or  a  low  pressure 
gas  diode  is  simple,  and  a  typical  case  is  shown  in  the  figure  below. 


Potential  Diagram  in  Low  Pressure  or  Vacuum  Diode 
for  No  Space  Charge 

The  cathode  and  anode  work  functions  are  0c  and  0a,  respec¬ 
tively,  and  the  cell  terminal  voltage  is  V  If  the  space  charge 

is  very  small,  or  compensated,  the  interelectrode  field  is  uniform, 
and  the  voltage  difference  is  represented  by  V^,  which  in  general 
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may  be  positive,  negative,  or  zero.  An  Idealized  current -voltage 
curve  for  such  a  diode  is  shewn  in  the  figure  below. 


V-l  Plot  of  Vacuum  Diode 


The  cell  current  will  be  equal  to  the  saturation  emission  current  of 
the  cathode,  Ig,  for  the  cell  voltages  up  to  ( 0^  -  0g) .  For  cell 
voltages  higher  than  this,  the  internal  potential,  V^,  becomes  positive, 
and  the  electrons  encounter  a  retarding  potential  so  that  the  current 
is  given  by 


I  =  I  exp 
8 


Ijj  £*c  ‘  ^a)  '  Vcell 


kT 
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The  slope  of  this  curve  is  e/kT,  from  which  the  electron  temperature 
may  be  obtained. 

In  a  high  pressure  thermionic  diode  the  situation  is  much 
more  complicated,  due  mainly  to  two  causes.  First,  the  electrons  may 
be  highly  scattered  by  gas  atoms,  giving  rise  to  resistive  losses  in 
the  plasma.  Second,  potential  sheaths  may  develop  at  the  electrodes. 
When  a  plasma  is  in  contact  with  a  wall,  it  will  build  up  a  region  of 
positive  ion  space  charge  over  distances  the  order  of  a  Debye  shielding 
length,  given  by 


*D“< 


e 


kr  i/a 

—5 — > 


A  typical  potential  diagram  for  such  a  cell  will  be  as  shown 
in  the  figure  below. 


Potential  Diagram  in  High  Pressure  Diode 


The  cathode  sheath  voltage  and  the  anode  sheath  voltage  are  given  by 
Vc  and  Vft,  respectively.  The  resistive  voltage  drop  In  the  plasma  Is 
IR.  If  the  width  of  the  cathode -anode  gap  Is  many  electron  mean  free 
paths,  then  the  plasma  may  be  characterised  by  a  resistivity  f) ,  and 
the  cell  current  density  given  by 

J  =  Ne  e  p  E  , 

in  which  Ng  is  the  electron  density,  p  is  the  electron  mobility,  and 
f  is  the  internal  field. 

The  current-voltage  curve  for  the  high  pressure  diode  does 
not  have  two  distinct  regions  of  saturation  current  and  retardation 
as  does  the  low  pressure  or' vacuum  diode,  but  rather  a  gradual  curve 
asymptoting  to  saturation  current  at  positive  cell  voltages.  It  is 
further  complicated  by  the  possible  presence  of  arc  currents  associ¬ 
ated  with  volume  .ionization  of  the  gas  for  sufficiently  positive  cell 
voltages.  The  electron  temperature  cannot  be  taken  directly  from  a 

current-voltage  curve,  but  a  method  has  been  described  by  Carabateus, 

* 

Pezaris  and  Hatsopoulos  by  which  the  electron  temperature  can  be 
obtained  from  an  experimental  V-I  curve.  This  method  assumes  that  the 
electron  density,  temperature,  and  random  plasma  current  density  are 
uniform  except  at  the  sheaths . 


* 
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The  current  at  the  cathode  and  anode,  respectively,  nay  be 


written 

V  V 

1  =  !a  -  Ie  exP  E§^  “*  1  =  Ie  exP  ("  #■)  >  U) 

where  the  ion  currents  have  been  neglected,  which  is  a  good  approxi¬ 
mation  for  large  cell  currents .  The  saturation  emission  current  is 
Ig,  Ig  is  the  random  electron  plasma  current  and  Tg  is  the  electron 
temperature.  The  random  current  is  eliminated,  yielding 


I  -  I  V  -  V 

s  ,  a  c  » 

- —  =  exp  (  e  — — -  ) 


kT_ 


It  is  seen  from  the  previous  figure  that 


V  -  V  =  V  .  +  IR  -  (0  -  0  ) 

a  c  cell  ''c  'a' 

Taking  logarithms,  and  making  the  above  substitution. 


In 


(2) 


(5) 


I  kT  Vcell  +  IR  *  (^c  -  0a) 
e 


oo 


The  electron  temperature  is  obtained  from  the  slope  of  the 
I  -  I 

curve  of  In  — = -  vs .  V  , ,  +  IR  -  (0  -  0  ) . 

I  cell  'rc  ra 

In  the  analysis  of  experimental  data  carried  out  in  the 
previously  mentioned  paper,  the  authors  have  neglected  the  IR  term, 
while  in  the  analysis  presented  here,  this  term  is  evaluated,  and  is 
large  under  the  conditions  of  the  measurements.  Their  analysis  also 
does  not  obtain  the  sheath  voltages,  while  in  the  present  work,  these 
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will  be  computed .  Experimental  data  has  been  taken  in  the  demountable 
cell  described  in  Chapter  One  of  this  report  using  a  tantalum  emitter. 
The  current -voltage  data  selected  for  analysis  was  taken  at  a  tempera¬ 
ture  of  2000°C  and  a  cesium  reservoir  temperature  of  293°C.  These 
curves  are  shown  in  Figures  11-1  for  gap  settings  of  7*6  mils  and 
lk .8  ails. 

®ie  resistive  voltage  drop  in  the  plasma  can  be  obtained 
using  these  two  curves,  under  a  set  of  assumptions.  These  assumptions 
are :  (a)  that  the  sheath  voltages  are  constant  for  constant  cell 

current,  cesium  pressure  and  cathode  temperature;  (b)  that  the  width 
of  the  sheaths  are  negligible  compared  to  the  cathode -anode  gap.  This 
is  discussed  in  Appendix  I;  (c)  that  the  electric  field  is  uniform 
between  the  cathode  and  anode  sheaths.  Under  these  assumptions  the 
difference  in  cell  voltage  at  constant  current  between  the  two  curves 
is  attributed  to  the  change  in  IR  drop  in  changing  the  spacing.  Using 
these  values  for  the  resistance,  it  is  possible  to  calculate  the 
resistance  and  the  IR  drop  for  either  of  the  two  s pacings .  The  curve 
corresponding  to  7.6  mil  spacing  was  chosen  for  analysis.  The  IR 
contribution  is  not  negligible,  except  perhaps  for  very  low  currents, 
as  seen  from  the  following  table. 
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Vcell 

I 

IR 

0.6 

5-05 

0.570 

0.8 

2.99 

0.565 

1.0 

2.74 

0.506 

1.2 

2-53 

0.440 

1.4 

2.27 

0.545 

1.6 

2.02 

O.265 

1.8 

1.65 

0.178 

The  saturation  emission  current  was  estimated  in  two  ways . 

First,  by  extrapolating  to  positive  cell  voltages  the  region  of  the 

2 

current -voltage  curve  before  arcing,  a  value  of  8  amps/cm  was  obtained. 

Second,  by  assuming  that  the  same  fractional  decrease  in  work  function 

occurs  with  tantalum  as  with  tungsten  for  this  temperature  and  cesium 

pressure,  a  work  function  of  5.6  volts  is  obtained.  Using  Richardson's 

equation,  a  saturation  emission  current  in  very  good  agreement  with  the 

Xs  *  1 

extrapolated  value  is  reached .  A  plot  of  In  - j—  vs .  vce^^  +  IR  - 

(0  -  0  )  is  shown  in  Figure  11-2.  The  anode  work  function  was  taken  as 

c  a 

1.7  volts  so  that  0  -  0  =1.9  volts  was  used,  although  the  plot  can 

C  fit 

be  made  without  this  information  and  then  0-0  determined  from  the 

c  a 

plot. 

The  plot  consists  of  two  straight  lines  which  intersect  at  a 

o 

point  corresponding  to  a  current  of  about  5  amps/cm  .  For  currents 
lower  than  this  an  electron  temperature  of  474o°K  is  arrived  at  from 

2 

the  slope,  and  for  currents  higher  than  5  amps/cm  a  temperature  of 
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12,240°K  is  obtained.  The  interpretation  here  is  that  at  this  value 
of  cell  current,  the  cell  suddenly  goes  over  into  a  mode  of  operation 
associated  with  volume  ionisation  and  the  formation  of  very  large 
cathode  and  anode  sheaths. 

Knowing  the  electron  temperature,  it  is  then  possible  to 
compute  the  cathode  and  anode  sheath  voltage,  which  will,  of  course, 
depend  on  cell  current.  By  inverting  equations  (1),  the  sheath 
voltages  can  be  expressed  as 


In 


and 


V  = 
c 


kT 

e 

e 


In 


V1  ' 


where  the  appropriate  value  of  Tg  must  be  used  for  each  current .  The 

random  electron  plasma  current,  Ifi,  can  be  calculated  from  the  relation 


N  e  V, 


where  is  the  random  electron  velocity, 


/  2kT 

/-s* 


and  He  is  the  electron  density.  The  cell  current  can  be  expressed  as 

I  -  He  e  vd  -  Ne  e  n  B 

where  V.  is  tbs  electron  drift  velocity,  p  is  the  electron  mobility, 

<1 

and  B  the  uniform  electric  field  between  the  electrode  sheaths.  Thus, 
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l.  ’  i  1  r 


r  1 


i_ 

pE 


IR 

Since  E  ■  j— ,  where  d  is  the  spacing, 
1 


f  2kT 


I  —1  L. 

w  m  pR 


The  mobility  is  given  by 


11  “  TT 


where  t  is  the  collision  period,  given  by 

1 


BCs  Cf  ( 


in  which  NCb  is  the  cesium  atom  density,  and  (Y  c  the  electron-atom 
collision  cross  section.  Substituting  this  in  the  expression  for  Ie, 

*.  -I  «■=.  o' e>  •* 


The  collision  cross  section  has  been  measured  and  is  taken 
.  -ill  2 

here  as  q  c  ■>  2  x  10  cm  .  The  cesium  atom  density,  estimated  from 
the  ideal  gas  low,  is  N=a  *  9.6  x  lO^/cm^.  Then  the  random  electron 
plasma  current  finally  reduces  to 

W  . 

Ie  *  1-83  -£■  •  i  , 


R.  J.  Zollweg  and  M.  Gottlieb,  Bulletin  Am.  Fhys.  Soc.,  Ser.  II,  6, 
No.  4,  359  (June  1961). 
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and  the  sheath  voltages  to 


kT  kT  , 

\m-r  *  <1*85  -r  •  I  > 


kT  W 

In  1.83  —£• 


The  cathode  and  anode  sheath  voltages  were  thus  obtained  as 
functions  of  cell  current,  and  the  results  are  plotted  In  Figure  11-3 • 
The  sheath  voltages  Increase  sharply  at  a  cell  current  density  of 
3  amps /cm  ,  as  soes  the  electron  temperature . 

The  complete  potential  distribution  In  the  diode  is  known 
when  the  resistance  dr«p  In  the  plasma  and  the  sheath  voltages  have 
been  determined,  and  If  the  work  functions  are  known.  The  potential 
distribution  In  the  diode  is  shown  in  Figure  11-4  for  four  current 
densities.  The  sharp  Increase  In  sheath  voltages  occurs,  of  course, 
at  the  same  current  density  as  does  the  Increase  in  electron  tempera¬ 
ture.  At  the  lever  currents  the  cathode  sheath  voltage  corresponds 
well  with  the  electron  temperature,  while  at  the  higher  currents,  the 
electron  temperature  is  a  fraction  of  the  cathode  sheath  voltage.  This 
suggests  that  at  the  higher  currents  electrons  lose  energy  by  Inelastic 
collisions.  Volume  ionisation  apparently  takes  place  at  these  currents. 
Since  the  cathode  sheath  voltage  is  less  than  the  Ionization  potential 
of  cesium,  this  probably  by  a  two  step  process. 
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APPENDIX  I  -  SHEATH  WIDTHS 


An  estimate  of  the  vldth  of  the  potential  sheaths  can  he 
made  by  assuming  that  the  plasma  is  electrically  neutral  and  that 
the  width  will  correspond  to  the  Debye  shielding  distance, 


*0  “  ( 


kT 

TTT 


1/2 


6.90  (^-) 


1/2 


d 

e  |i  P 


4 


—  1 
m  N  S  V. 

I !  C  t 


No 


(J) 


1/2 


v/aa; 


For  the  diode  described  here 


p 

At  a  cell  current  density  of  5*3  amps/cm  ,  e/kT^  *  0.907,  R  »  O.185 
ohms,  and  u  =  46.6, 


dj,  =  6.9  ( 


1.22  x  10' 
1.32  x  10 


1/2 


■16) 


-6 

2.1  x  10  cm. 


This  value  is  negligible  compared  to  the  cathode-anode  spacing. 
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Fig.  11-1.  Current  Voltage  Characteristics  at  Two  Spacings 
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Fig.  11-2.  Electron  Temperature  Plot 
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Tig.  11-}.  SbMth  Voltages  ▼».  Current 
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CHAPTER  TWELVE 


SPACE  CHARGE  LIMITED  CURRENTS  IN  HIGH  PRESSURE 
CESIUM  THERMIONIC:  DIODES 


The  knowledge  of  the  current-voltage  relationships  governing 
the  operation  of  a  thermionic  diode  is  necessary  In  order  to  understand 
the  results  of  measurements  which  are  made.  For  a  vacuum  thermionic  diode, 
the  well-knovn  Chllds-Langmuir  Law  holds  in  the  space  charge  limited  region. 
According  to  this  relation,  the  current  is  proportional  to  the  square  of 
the  cell  voltage.  For  the  case  of  the  high  pressure  thermionic  diode, 
the  current  may  be  diffusion  limited,  but  will  still  not  necessarily  be 
linear  with  cell  voltage  because  of  the  existence  of  space  charge  fields 
in  the  interelectrode  space.  In  order  to  estimate  electron  mobility  at 
high  cesium  pressure,  measurements  of  current  are  made  in  the  presence  of 
a  magnetic  field. 

The  expression  for  cell  current  in  the  diffusion  limited  case, 
at  high  gas  pressures,  is  given  by 

J  -  NenE. 

The  mobility  in  the  presence  of  a  transverse  magnetic  field  is  given  by 


>*h 


2  2  ' 
i  +  o>  r 


mil 

in  which  is  the  mobility  in  the  absence  of  the  magnetic  field,  a>  ■  > 

and  T is  the  reciprocal  of  the  collision  frequency.  The  ratio  of  cell 
currents  without  magnetic  field  to  that  with  magnetic  field  is  given  by 


Jo  _  Vo 
Jh  "  Vh 
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The  current  ratio  Is  then  also  a  measure  of  the  mobility  ratio,  providing 
the  electron  density  is  known.  A  crude  estimate  of  the  change  In  electron 
density,  under  the  conditions  at  which  measurements  were  done,  Is  made  here. 

The  potential  distribution  is  shown  in  the  figure  below  for  the 
case  of  space  charge  limited  current. 


A  space  charge  harrier  V#  is  set  up  by  the  cell  current.  Assume  that  the 
net  cell  current  J  is  given  by  the  current  emitted  by  the  cathode,  J 
minus  the  random  plasma  current  J^.  If  the  saturation  emission  current 
from  the  cathode  is  Jg,  then  that  part  of  this  current  which  surmounts 
the  potential  barrier  Vg  is 

eV 

Je  -  J,  «P  (-  Tjr) 

The  random  plasma  current  is 

Jr  «  l/4  Hew  , 

so  that  if  we  assume  that  the  electron  density  is  uniform  in  the  cell, 
the  net  current  is 

eV 

J  -  Je  -  Jr  -  J„  exp  (-  -jjl)  -  1/4  Rev  ■  HepE 
The  ratio  of  cell  current  without  magnetic  field  to  that  with  magnetic 
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field  is  then  given  by 


Jo .  J.  (-Tp>  -  V*  _  Wo 

Jh  i  1/kM.v  V?h 

J8  exp  {-gjrl  -  1/4  Nhev 

where  the  subscripts  o  and  h  refer  to  the  quantities  without  and  with 
magnetic  field,  respectively.  If  the  electron  density  is  uniform,  It 
Is  easily  shewn  using  Poisson's  equation  that 

V«  "  ^ 

where  d  is  the  cathode-anode  gap.  Using  this  for  Vs 

e^d^N 

J0  Js  exp  (  ~  7T7, ~  1/4  Noe7 

Jh  e^TlT 

Jsexp  ( ‘  Tc  kT}  *  1/4  V7 

v  O 

The  solutions  for  Nq  and  can  be  obtained  graphically  from 
J  +  l/lf  N  e7  _  2  2 

°  °  •”t  (  -  -TTW 


and  a  similar  expression  for  N^. 

For  two  typical  sets  of  data, 


1.  Tcg  -  252  C 


T  -  98o°K 

c 

J,  ■  3  it  103  a/m2 
0o  -  1.5  a/m2 
Jh  -  6  x  10 _1  a/m2 
Tg  -  1500°K 

v  -  -  1.5  x  105  m/sec. 
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d  -  5  x  10"4  m 

substituting  in  the  previous  equation, 

5  x  10”4  +  2  x  10‘l8  Nq  -  exp  (  -  1.75  x  10"14  IfQ) 


2  x  10-4  +  2  x  lO"18  N. 

n 

2.  T  .  300°K 

C8 

T  -  980°K 
c 

J8  -  3  X  103  a/m2 
J0  -  10  a/a2 
J.  -  6.67  a/m2 


exp  (  -  1.75  x  10 


-14 


Substituting  these  values, 

3.33  x  10‘3  +  2  x  10"18  Nq  -  exp  (  -  I.75  x  10'14  Nq) 
2.22  x  10-3  +  2  x  10"18  Hh  -  exp  (  -  1.75  x  10"14  Nh) 


The  solutions  to  these  equations  are  shewn  graphically  in  the  figure. 
If  it  is  assumed  that  D(N,  then 

■?o  » 

5  V  “T 


Using  the  values  obtained  graphically  for  Nq  and  for  Tqs  »  252°C 


and  for  T  -  300°C 

cs 


i  ‘°-9‘5£ 


Jo  on  “<> 

X  ••90=J 


Tor  these  conditions  t:.c,  the  change  of  electron  density  with  magnetic 
field  is  a  rather  swell  effect. 
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The  current  voltage  relationship  for  the  high  pressure  apace 
charge  limited  case  is  given  by  Cobine,  "Gaseous  Conductors",  McGraw- 
Hill,  1941,  and  la  summarized  here. 

j  -  -  Nev  -  -  p  -fj 


By  Poisson's  equation 


or 


dV  ,  d^V 


jm 


Integrating, 


If  electrons  are  emitted  with  zero  velocity,  the  field  at  the  cathode  is 
zero  and  C  >  Q. 


Integrating  again 


V  -  |  (8&)1/2  x  3/2  +  Cx 


If  the  cathode  is  taken  as  zero  potential,  »  0. 

& 


J-(f)  *2— 


If  the  assumption  of  zero  velocity  is  not  made 

I  ®  ■*  +  c 

where  C  is  a  function  of  the  initial  velocity. 


9 
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’'■f-rfh  <-^L  -*2«3/2 

«**  •  <!*> 2/3  *  *  * « -  <!tV  >2/3  (*P  *>*<!*  >2/3 

(jv)2/3  -  (|)1''3  (SX )l/3  »J  *  (|  -Jp-)  2  C 

(2)1/3  (8jC)l/3  «J  -  V2/3  J2/3  .  (|-gj)  2  0.0 

l/o 

This  cubic  equation  in  J  must,  be  solved  In  order  to  obtain  explicitly 
the  current-voltage  relation. 


2C 
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Fi*'  Graphical  Solution 


for  Electron  Density 
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